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1.1 Background and problem statement 
As a result of an expanding livestock production sector, the production of livestock 
manure increases in many regions of the world. Most of this increase occurs in the 
developing world (Bouwman et al., 2006). Cattle are the major source of animal 
manure in the world due to their large number and high daily excretion rates 
(Sheldrick et al., 2003). The fertilizer value of manure depends on its initial 
composition and on conversion and loss processes before plant uptake takes place. 
These processes are strongly influenced by handling methods within the manure 
management chain, i.e. animal housing – manure storage – manure application. In 
the developing world, cattle manure is mainly handled as a solid mixture of faeces, 
urine, bedding material and spoiled feed. It is regularly scraped from the earth or 
concrete floors of the barns and composted before application to the field as a plant 
fertilizer or soil amelioration. In addition, it is considered as an appreciable fuel for 
cooking or building material in these countries (Brandjes et al., 1996). In North 
America and Western Europe, most of the cattle manure is currently being handled 
as slurry, which is a mixture of urine, faeces and spoiled water collected from 
cubicle barns (Petersen et al., 2007). However, the proportion of solid cattle manure 
(SCM) is increasing again due to growing interest of farmers in switching back to 
straw-based housing systems after concerns about animal health and welfare in 
common cubicle barns. Moreover, SCM is an excellent soil amendment capable of 
increasing soil quality. Dick (1992), in a review, found that there is in general a 
positive relationship between soil carbon (C) content and soil microbial biomass, 
and concluded that any practice that increases the amount of soil organic matter 
(OM), such as SCM application, improves its biological activity. Rashid et al. (in 
review) reported higher density and biomass of earthworms and enchytraeids on 
sandy grassland soils with a history of SCM application as compared to ones with a 
slurry application history. In addition, increases in soil organic nitrogen (N) content 
and biological activity contribute to an increase of soil N mineralization, hence 
available N for crop growth. On the other hand, according to a modelling study of 
Hutchings et al. (2001), total ammonia (NH3) emissions from the solid manure-
based management chain (deep litter barn, open storage and field application) were 
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in the order of two times higher than from manure handled as slurry (35 vs. 18% of 
total N excreted, respectively).                                                                                                                                       
Mass balance studies have indicated that substantial amounts of N losses 
from animal housing systems producing SCM (18-30% of total N excreted) and 
SCM storage (9-40% of initial total N stored) were unaccounted for and probably 
occurred for the majority as harmless dinitrogen (N2) (Harper et al., 2000; Fig. 1.1). 
Measured gaseous N losses, i.e. NH3 and nitrous oxide (N2O), only accounted for 1-
15% during animal housing and < 1-8% from SCM storage systems (Fig. 1.1). After 
surface application of SCM, NH3 volatilization and nitrate (NO3–) leaching are the 
main N loss routes (up to 11% each) (Fig. 1.1). In addition to N losses, C losses 
occur through carbon dioxide (CO2) and methane (CH4) emissions. N2O and CH4 are 
greenhouse gases and N2O contributes to the destruction of the stratospheric ozone 
layer (Akiyama and Tsuruta, 2003). Thus, the challenge is to search for 
improvements in the SCM management to reduce these losses and to improve on-
farm N cycling. 
 
1.2 Mitigation practices 
During the last decades, several approaches have been investigated to mitigate N 
losses, especially NH3 emissions, from the SCM management chain. However, in 
nearly all cases, the focus was on only one or two phases of the chain (Fig. 1.2). A 
brief overview is given below. 
 
1.2.1 Animal housing 
Conservation of N in animal production must begin by minimizing its excretion in 
the barn, which can be achieved through diet manipulation. Feeding cattle with low 
protein and high fibre diets has resulted in NH3 emission reductions of more than 
50% in case of solid manure-based housing systems (Fig. 1.2). After manure 
excretion, frequent removal from the barns and flushing with water in slurry-based 
housing systems have been recognised to reduce NH3 emission rates up to 26 and 
30%, respectively (Fig. 1.2). Nevertheless, these are expensive measures that 
increase the cost of manure handling. The use of additional straw in the bedding area 
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of SCM-based housing systems has been proven to substantially reduce NH3 
emissions up to 50% through absorption of ammonium (NH4+) by the straw. This 
practice also increases the dry matter (DM) content, C/N ratio and aeration of the 
manure which may also reduce N2O and CH4 emissions (Yamulki, 2006). However, 
it will increase the volume and costs of manure handling.  
Other effective practices include the use of chemical and biochemical 
additives (Husted et al., 1991; Al-Kanani et al., 1992; Amon et al., 1997b). These 
manure additives can be categorized according to their mode of action into digestive 
additives, acidifying additives, adsorbents, enzyme inhibitors, and additives with 
more than one working principle (McCrory and Hobbs, 2001). These have been 
found to be effective in reducing NH3 emissions from both slurry and SCM storage 
systems (Fig. 1.2). However, to my knowledge, no attempts have been made so far 
to test the effectiveness of additives in reducing C and N losses throughout the 
whole SCM management chain. To this end, the use of zeolite (clinoptilolite), lava 
meal (solidified magma) and farm topsoil as manure additives inside the barn can be 
considered as promising candidate mitigation practices, mainly because of their 
potential to retain NH3 through NH4+ adsorption.  
 
1.2.2 Manure storage 
Storage of solid manure is a major source of NH3 and other N losses. Up to 50% of 
the initial total N can be lost through volatilization, leaching and denitrification 
processes during this phase (Eghball et al., 1997; Chadwick, 2005). Techniques such 
as reducing dietary protein, covering the stored manure, urine and faeces separation 
as well as using additional straw have been recognized to considerably mitigate NH3 
emissions from slurry storages (Fig. 1.2).  
In addition, effects of various SCM storage methods, e.g. stockpiling, 
composting, roofing and tight covering (anaerobic storage) on N losses have been 
reported in the literature (Chadwick, 2005; Larney et al., 2006; Sagoo et al., 2007; 
Erickson and Klopfenstein, 2010). Anaerobic storage of SCM has been found to be 
very effective to reduce N losses down to only 5-20% of the initial total N as 
compared to 22-35% during stockpiling or 30-46% during composting (Hansen, 
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1928; Siegel and Meyer, 1938; Rauhe and Koepke, 1967; Parkinson et al., 2004;  
Larney et al., 2006; Shah et al., 2010). It has been demonstrated that NH3 emission 
from broiler litter can be reduced up to 80% through covering the heap with a 
tarpaulin sheet with respect to an uncovered control (Sagoo et al., 2007). Chadwick 
(2005) reported that compaction and subsequent covering of a SCM heap can reduce 
NH3 and N2O emissions by about 90 and 30%, respectively. In order to reduce NO3– 
leaching due to occurrence of rainfall, SCM is sometimes stockpiled inside a roofed 
building. However, methods that reduce NH3 emission during storage like anaerobic 
storage of SCM, may lead to largely increased losses through NH3 volatilization, 
nitrate leaching or denitrification after application to the field, unless extra measures 
like irrigation are used (Shah et al., 2012b).  
 
1.2.3 Manure application 
After application of manure to the field, N is lost through NH3 volatilization, other 
gaseous N compounds via nitrification and denitrification processes, NO3– leaching, 
and N runoff. Acidification or dilution of slurry, and addition of lava meal to SCM 
before application have been proven to effectively reduce NH3 volatilization after 
application (Fig. 1.2). Shah et al. (2012b) reported that anaerobic storage of SCM 
followed by 10 mm of irrigation immediately after its application diminished NH3 
emission rate by 92%. Besides, the combined use of lava meal (mixed with SCM 
one day prior to its land application) and 10 mm irrigation immediately after SCM 
application led to a NH3 emission reduction of 97%. However, from a practical 
viewpoint these strategies are costly and/or time consuming.  
 
1.3 Need of this study 
SCM is a valuable source of nutrients necessary for plant growth and if used 
appropriately it can replace substantial amounts of artificial fertilizer. In addition, 
long term application of SCM can increase soil organic C, microbial activity and 
potentially mineralizable N (Ndayegamiye and Cote, 1989). On the other hand, it is 
a source of environmental pollution through gaseous NH3, N2O and CH4 emissions 
and a threat to aquifers and surface waters through N leaching and runoff. Moreover, 
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these losses reduce the fertilizer value of the manure. In the developed world 
intensification of cattle farming systems dramatically increased environmental 
pollution, whereas in the developing world reduction of N fertilizer value of the 
manure due to losses is of greater concern than environmental pollution. Therefore, 
there is still a great need worldwide to improve the efficiency of the SCM 
management chain.  
However, identification of appropriate strategies, i.e. combination of 
diverging mitigation practices applied at various phases of SCM management chain, 
to be incorporated on farms is complicated because reduction of losses at one point 
in the N cycle by a mitigating practice is often compensated by higher losses at other 
points in the chain (Rotz, 2004; Amon et al., 2006). Therefore, it is crucial to search 
and evaluate effective practices that can be combined into strategies to reduce the 
emissions throughout the whole SCM management chain and to enhance crop N 
utilization after manure field application. To date, only a few attempts have been 
made to reduce N losses throughout the whole SCM management chain since the 
main focus was on slurry-based systems in the last decades. Of the few attempts so 
far, nearly all focus was at only one or two phases of the manure management chain 
while their subsequent effects on manure N recovery by the crops after field 
application have rarely been reported. In this thesis, I present an integrated analysis 
of the consequences of mitigation strategies on (i) the magnitude and routes of N 
losses throughout the complete SCM management chain, and (ii) simulated C and N 
dynamics in grassland-based dairy farming systems in the long term (> 25 years). 
 
1.4 Objectives of the thesis: 
The overall aim of this project was to assess / quantify the magnitude of N losses 
and involved routes during the animal housing, manure storage and manure 
application phases, and identify and test strategies to mitigate these losses 
throughout the whole SCM management chain. We assumed that reduction of N 
losses throughout the whole SCM chain will retain as much of the excreted N in the 
manure as possible and subsequently increase manure N recovery by the crops. The 
specific objectives of this work were to: 
General introduction 
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 Evaluate and compare the effects of the bedding additives zeolite, sandy 
farm topsoil and lava meal on NH3, N2O, CO2 and CH4 emission rates from 
a naturally ventilated straw-based sloping-floor barn.  
 Assess the mitigating effects of the above-mentioned additives on gaseous N 
losses during the storage and application phases, and determine the apparent 
recovery of manure-N by a maize crop and a grassland sward. 
 Assess effects of storage conditions on (i) magnitude and routes of C and N 
losses during storage of SCM, and (ii) maize N recovery as well as DM 
yield at its various growth stages.  
 Explore the long-term effects of adopting loss mitigation practices such as 
use of manure bedding additives, various manure storage methods and 
irrigation after application of covered manure, on the time course of soil 
organic C and N contents, soil N mineralization, farm productivity and 
economics. 
 
1.5 Thesis outline 
This thesis consists of six chapters including this general introduction (Chapter 1). 
Chapters 2 to 5 elucidate the main results of this study. All these chapters have been 
written as independent research articles, which were published in or submitted to 
peer-reviewed journals.  
Chapter 2 describes the effects of three bedding additives, i.e. zeolite, farm 
top soil and lava meal on N losses (NH3 and N2O) and C losses (CH4 and CO2) from a 
sloping-floor cattle housing system. Also effects of the additives on total N losses 
from SCM through the housing as well as the storage phase are conferred.  
Chapter 3 is a follow-up study of Chapter 2 and presents the mitigating 
effects of the used bedding additives on total N, NH3-N and N2O-N losses during 
SCM storage, NH3 emissions after manure application to grassland and NH3 as well 
N2O, CH4 and CO2 emissions after manure incorporation into an arable maize field. 
Moreover, the effects of using these additives on manure N utilization by the crops 
are discussed. 
Chapter 4 presents the mass, C and N balances of SCM subjected to 
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various storage methods. Also, it describes the emission rates of NH3, N2O, CH4 and 
CO2 and C and N leaching from the manure heaps during storage. Additionally, the 
effects of various storage methods on N uptake and apparent N recovery by an 
arable maize crop at various growth stages are addressed. 
Chapter 5 describes a simulation study of long-term effects of adapting 
NH3 mitigation strategies such as use of manure bedding additives, various manure 
storage methods and irrigation immediately after application of anaerobically stored 
SCM, on the time course of soil organic C and N contents, soil N mineralization, 
and farm productivity and economics. Also, it compares the effects of these 
strategies on farm performance of SCM and slurry-based management chains. 
Consequently, it supports the identification of a coherent strategy to mitigate losses 
by combining effective practices, and to improve farm productive, environmental 
and economic performance. 
Chapter 6 discusses the major findings of this study, their applicability, 
future perspective, contribution to new insights, and recommendations for future 
research. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter 2 
Effects of bedding additives on carbon and 
nitrogen losses from a sloping-floor cattle 
housing system 
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Abstract 
Straw-based animal housing systems contribute substantially to anthropogenic 
carbon losses as carbon dioxide (CO2) and methane (CH4), and nitrogen (N) losses 
as ammonia (NH3) and nitrous oxide (N2O). An experiment was conducted to assess 
the mitigating effects of three promising bedding additives: zeolite, lava meal, and a 
sandy farm topsoil on gaseous emissions from a naturally ventilated sloping-floor 
barn. For this purpose, four barn units were used, each with a group of eight young 
beef bulls. Each barn unit had a bedding area of 42 m2 and a manure alley of 21 m2. 
On the bedding areas, chopped wheat and barley straw were applied at a daily rate of 
5 kg per livestock unit (1 LU = 500 kg of live body mass). Bedding additives were 
applied proportionally to the straw dosage, i.e. 33% of sandy farm topsoil, 20% of 
lava meal, and 10% of zeolite. Gaseous emissions during housing were measured by 
using a static flux chamber system with internal gas recirculation, while total N 
losses during housing and storage were quantified using a mass balance approach. 
All three additives reduced NH3 emission losses by on average 85% compared to the 
control, whereas CH4 emission remained unchanged. CO2 and N2O emission rates 
were closely related with each other, but could only be reduced by the use of zeolite 
(35 and 37%, respectively). Total manure N losses prior to field application were 
reduced by 50, 37, and 23% for zeolite, farm topsoil, and lava meal, respectively. 
Overall, the total measured NH3-N and N2O-N emissions only accounted for 11% of 
the calculated total gaseous N losses during housing with most of the remainder in 
all probability being dinitrogen (N2). It is concluded that especially zeolite is an 
effective additive to reduce NH3, N2O, and CO2 emissions from straw-based cattle 
housing systems, whereas farm topsoil is a readily available and relatively cheap 
resource to reduce especially NH3 emission. 
 
Keywords:  Solid cattle manure, Bedding additives, Ammonia, Greenhouse gases 
 
This chapter has been submitted for publication as: Shah, G. A., Shah, G. M., Groot, 
J. C. J., Groot Koerkamp, P.W.G., and Lantinga, E. A. Effects of bedding additives 
on carbon and nitrogen losses from a sloping-floor cattle housing system. 
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2.1 Introduction  
The renewed interest for straw-based housing systems for dairy and beef cattle due 
to concerns regarding animal health and welfare in the common cubicle barns has 
increased the importance of sloping-floor and other litter barns. However, it is 
known that in these housing systems considerable amounts of nitrogen (N) may be 
lost as dinitrogen (N2) through denitrification, ammonia (NH3) through urea 
hydrolysis, dissociation and volatilization, and some as nitrogen dioxide (NO2), 
nitric oxide (NO), and nitrous oxide (N2O) through nitrification and denitrification 
processes (Groenestein and Van Faassen, 1996; Seedorf and Hartung, 1999; Oenema 
et al., 2001; Mosquera et al., 2005; Yates et al., 2011). In addition to N emissions, 
carbon is lost as carbon dioxide (CO2) and methane (CH4) during aerobic and 
anaerobic decomposition of manure compounds (Hao et al., 2004). After deposition 
NH3 causes eutrophication of oligotrophic ecosystems (Sutton and Fowler, 2002). 
Subsequently, NH3 nitrification leads to acidification of soils and waterways 
(Apsimon et al., 1987). It is also considered as an indirect source of N2O when it is 
deposited onto land surfaces (Novak and Fiorelli, 2010). N2O and CH4 are 
greenhouse gases and N2O contributes to the destruction of the stratospheric ozone 
layer (Akiyama and Tsuruta, 2003).  
Mosquera et al. (2006) reported that NH3 emission from a conventional 
deep litter barn was about 1.5 times higher as compared to standard slurry-based 
cubicle housing systems in the Netherlands. However, techniques such as increased 
straw use in the bedding area, frequent removal of manure from the barns, and 
capturing NH3 from exhausted air using filters or scrubbers in mechanically 
ventilated barns have been proven to substantially reduce N losses from straw-based 
animal housing facilities (Ndegwa et al., 2008; Gilhespy et al., 2009). Other 
effective methods include the use of chemical and biochemical additives (Husted et 
al., 1991; Al-Kanani et al., 1992; Amon et al., 1997b). These manure additives can 
be categorized according to their mode of action into digestive additives, acidifying 
additives, adsorbents, enzyme inhibitors, and additives with more than one working 
principle (McCrory and Hobbs, 2001). Digestive additives stimulate microbial 
immobilization of ammonium (NH4+) and thereby reduce NH3 emission (Hendriks 
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and Vrielink, 1997). Acidifying additives displace the equilibrium between NH4+ and 
NH3 in manure solutions towards NH4+ and thus less NH3 will be emitted (Husted et 
al., 1991). Adsorbents like zeolite, clay and peat potentially reduce NH3 emission 
through NH4+ adsorption (Lefcourt and Meisinger, 2001). Additives that inhibit 
urease activity are effective in reducing NH3 volatilization (Varel, 1997). Further, 
additives with more than one working principle, e.g. extracts from the sap of yucca 
plants, have the capability of conserving NH4+ by inhibiting urease activity (Asplund 
and Goodall, 1991) and NH4+ binding, hence preventing nitrification and subsequent 
denitrification processes  (Panetta et al., 2005). 
Jeong and Kim (2001) demonstrated that NH3 emission was greatly 
reduced by adding water-soluble salts of magnesium (Mg) and phosphorus (P) 
during composting of food waste mixtures. They attributed this to NH4+ precipitation 
into struvite (ammonium magnesium phosphate; NH4MgPO4.6H2O) which is a slow 
releasing inorganic fertilizer (Ali et al., 2005; Shah et al., 2012b). Struvite is formed 
by the chemical reaction among free Mg+2, NH4+, and PO4-3 at a 1:1:1 molar ratio 
(Ali et al., 2005). The optimum pH for struvite formation is between 7 and 9 (Doyle 
and Parsons, 2002; Nelson et al., 2003). Alternatively, application of zeolite and clay 
soil during composting of sewage sludge reduced the emission via increased NH4+ 
adsorption (Witter and Lopez-Real, 1988). Therefore, application of additives 
containing Mg and P compounds such as lava meal (solidified magma) as well as 
adsorbents like zeolite and farm soil containing clay particles and soil organic matter 
(SOM) may have potential to reduce NH3 emissions from straw manure beddings. 
Soil mechanisms to reduce NH3 emission rate include NH4+ adsorption on soil cation 
exchange complexes having negative charges on their surfaces, i.e. SOM and clay 
particles, and its fixation by the clay minerals (Wightman et al., 1982). Besides, in 
acidic soils (pH below 6) NH3 volatilization will be low since ammoniacal N will be 
found primarily in its ionic form (NH4+). Zeolite has crystalline-hydrated 
characteristics resulting from its infinite three dimensional structures which make it 
a strong adsorbent (Mumpton and Fishman, 1977; Ndegwa et al., 2008). In contrast 
to NH3 emission, no attempt has been made up till now according to our knowledge 
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to evaluate the use of these additives in litter barns as an abatement technique to 
reduce N2O and CH4 emissions.  
The objectives of the current study were (i) to evaluate and compare the 
effects of the bedding additives zeolite, sandy farm topsoil, and lava meal on NH3, 
N2O, CO2, and CH4 emission rates from a naturally ventilated sloping-floor barn 
housed with beef cattle on a straw bedding, and (ii) to quantify their effects on total 
N losses from solid cattle manure (SCM) throughout the housing as well as the 
storage period. 
 
2.2 Materials and methods 
This study was carried out at the Organic Experimental and Training Farm 
Droevendaal, located 1 km north of the city of Wageningen, the Netherlands 
(latitude 55°99'N and longitude 5°66'E) from 10 January to 20 June 2010. The 
housing period lasted 80 days while the storage period was extended for another 80 
days. 
 
2.2.1 Housing period 
The housing system was a naturally ventilated straw-bedded sloping-floor barn 
where four barn units were used for four treatments: straw application (control) and 
straw application followed by the addition of zeolite, lava meal, and sandy farm 
topsoil. A schematic drawing of the barn layout is shown in Fig. 2.1. Zeolite 
(clinoptilolite) was purchased from “Zeolite products®” Arnhem, the Netherlands 
(http://www.zeolite-products.com). Its chemical composition was provided by the 
company. Lava meal “Eifelgold®” in powder form along with its chemical 
composition was provided by “Lava-Union®” Germany. The farm topsoil was air 
dried sandy soil of the same farm where the study was carried out. It was obtained 
by excavating the top soil (to a depth of 25 cm) of a field previously cultivated with 
spring wheat. It had a clay content of 4%. The chemical composition of this soil was 
determined according to the standard procedures described by Houba et al. (1989). 
The chemical composition of all of the used bedding additives is given in Table 2.1.  
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 Each barn unit had a bedding area of 42 m2 and a manure alley of 21 m2. Slopes of 
the bedding area were 6 to 8° for the control and lava meal treatments, and 4 to 6° 
for the farm topsoil and zeolite treatments (see Fig. 2.1). In each barn unit a group of 
eight young beef bulls was kept. They were grouped according to their age in order 
to avoid fighting. The bulls were between 12 and 17 months old and had an 
individual body weight between 291 and 526 kg at the start of the experiment (Table 
2.2). The bulls were weighed on three occasions during the housing period: prior to 
the start, halfway, and at the end. During each session they were weighed for three 
consecutive days in the morning just before offering fresh feed.  
 
The bedding areas of all barn units were completely cleaned prior to the 
start of the experiment. Chopped wheat and barley straw (≤ 10 cm length) were 
applied at a daily rate of 5 kg per livestock unit (LU) through broadcast spreading on 
the bedding areas (1 LU = 500 kg of live body mass; Costa and Guarino, 2009). This 
was started before the onset of experiment. Zeolite, lava meal and sandy farm 
topsoil were used at proportions of 10, 20, and 33% of the daily straw dosages based 
Fig. 2.1 Schematic drawing of the experimental barn layout. Barn units (a) and (d) 
were not used during our study.                                                                                 
Evaluation of the bedding additives inside the animal housing 
25 
 
Ta
bl
e 
2.
1 
A
pp
lic
at
io
n
 
ra
te
, 
co
m
po
sit
io
n
,
 
an
d 
ch
ar
ac
te
ris
tic
s 
o
f t
he
 
be
dd
in
g 
ad
di
tiv
es
.
 
A
dd
iti
v
e 
A
pp
lic
at
io
n
 
ra
te
 
To
ta
l N
 
M
in
er
al
 
N
 
O
M
† 
P 2
O
5 
M
gO
 
CE
C‼
 
pH
-
 
Ca
Cl
2 
 
(kg
 
LU
-
1  
da
y-
1 ) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(g 
(kg
 
D
M
)-1
) 
(cm
o
l k
g-
1 ) 
 
Ze
o
lit
e 
0.
5 
 
0.
00
1 
 
 
 
 
 
0 
 
 
 
 
 
0 
 
 
0.
2 
 
 
0.
9 
90
 
7.
8 
La
v
a 
M
ea
l 
1.
0 
 
0.
00
2 
 
 
 
 
 
0 
 
 
 
 
 
0 
10
.
0 
85
.
0 
12
 
7.
9 
Fa
rm
 
to
ps
o
il 
1.
7 
 
 
 
 
 
1.
2 
 
 
 
 
 
0.
13
 
 
29
 
 
 
0.
4 
n
.
d.
‡ 
 
 
2 
4.
9 
 † O
M
,
 
o
rg
an
ic
 
m
at
te
r 
‡ n
.
d.
, 
n
o
t d
et
er
m
in
ed
 
‼
 
CE
C,
 
ca
tio
n
 
ex
ch
an
ge
 
ca
pa
ci
ty
 
 
Chapter 2 
26 
 
on mass, respectively. These proportions were selected after a preliminary laboratory 
trial where effects of applying various proportions of each additive on NH3 emission 
from the SCM bedding were evaluated (results not presented). The selection criterion 
for this was to achieve a remarkable reduction (~ 80%) compared to the control.  
 
Table 2.2 Age, body weight (BW), body weight gain (BWG), and number of 
livestock units (LU) of the bulls at the start (day 0), halfway (day 40), and at the end 
(day 80) of the housing period. All the values are the mean (n=8) ± S.E. 
† 1 LU = 500 kg of live weight of the bulls 
 
2.2.1.1 Feed characteristics 
The feed was a mixture of grass-clover and oats-faba bean silages (diet 1) for the 
first eight weeks of the housing period. Thereafter, it was changed to a mixture of 
Group Day  Age BW BWG LU† 
  (months) (kg bull-1) (kg bull-1 day-1)  
Control   0 12.0 ± 1.0† 291 ± 24  4.7 
40 13.3 ± 1.0 342 ± 25 1.3 ± 0.1 5.4 
80 14.6 ± 1.0 378 ± 26 0.9 ± 0.1 6.1 
Zeolite   0 16.0 ± 0.5 514 ± 22    8.2 
40 17.3 ± 0.5 579 ± 24 1.6 ± 0.1   9.3 
80 18.6 ± 0.5 624 ± 26 1.1 ± 0.1 10.0 
Farm topsoil   0 17.0 ± 0.6    526 ± 8   8.4 
40 18.3 ± 0.6    590 ± 9 1.6 ± 0.1  9.4 
80 19.6 ± 0.6 634 ± 12 1.1 ± 0.1 10.1 
Lava Meal   0 13.0 ± 0.7 427 ± 15    6.8 
40 14.3 ± 0.7 484 ± 15 1.4 ± 0.1   7.7 
80 15.6 ± 0.7 526 ± 15 1.0 ± 0.1   8.4 
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grass-clover and triticale-grass-clover silages (diet 2) during the last three weeks of 
the housing since the stock of diet 1 was finished. In addition, 20 kg of crushed 
wheat and barley grains (diet 3) were offered daily to each group of bulls throughout 
the housing period. Each day, refused feed by the bulls was collected and weighed 
before offering them fresh feed. Average dry matter (DM) and N intakes per LU are 
shown in Table 2.3. These were calculated by: 
 
DMI = DM	 − DM																																																																																									(2.1) 
FNI = TN	 − TN																																																																																												(2.2) 
 
Where DMI is the daily DM intake (kg DM LU-1 day-1), DMoffered is the daily feed 
offered (kg DM LU-1 day-1), DMrefused is the daily feed refused (kg DM LU-1 day-1), 
FNI is the daily feed N intake (kg N LU-1 day-1), TNoffered is the daily total N in 
offered feed (kg N LU-1 day-1), and TNrefused is the daily total N in feed refusals (kg 
N LU-1 day-1). 
 
2.2.1.2 Evaluation of bulls’ dirtiness 
Animal beddings are imperative for their hygiene and cleanliness as there is a direct 
correlation between microbial loads on a cattle hide and the carcass surface (Newton 
et al., 1978). Therefore, a scoring system was used to evaluate the effects of 
applying the bedding additives on dirtiness of each bull during the weighing sessions 
on day numbers 38 and 78 of the housing period. A scoring sheet was used for this 
purpose (Scott and Kelly, 1989). In this sheet, both the right and left sides of the 
whole body of a bull were divided into 35 areas, e.g. hooves, lower legs, and hind 
underbelly. For each body area the presence of dung was scored. If the area was 
clean then it was scored as zero and the dirty areas were assigned with an integer 
value of up to three. Total sum of the 70 dirtiness scores was the final score for each 
bull.                                                                                                                                                               
 
2.2.1.3 Thickness and bulk density of SCM bedding 
Thickness and bulk density of the bedding layers were quantified in order to evaluate 
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the effects of keeping bulls varying in live weight on the physical characteristics of the 
SCM bedding of each barn unit. Thickness of the SCM beddings was measured by 
inserting a graduated metallic rod down to the concrete floor. Three readings were 
taken in the area of each gaseous measurement place (see below). In total, nine 
measurements were done in each barn unit during one measurement session. 
 SCM left on the bedding area of each barn unit was scraped and weighed at 
the end of the housing period. Afterwards, bulk density of the SCM bedding was 
calculated as: 
 
BD = WA × L
																																																																																																																		(2.3)	
 
Where BD is the bulk density of the SCM bedding (Mg m-3), WE is the total weight 
of the scraped SCM from the bedding area (Mg), ABU is the area of a barn unit that 
was covered with SCM (m2), and LT is the average thickness of the SCM bedding at 
the end of the housing period (m). 
 
2.2.1.4 Measurement of gaseous concentrations 
The barn units were not air-separated from each other, so ventilation fluxes per barn 
unit could not be determined. For these reasons, fluxes of NH3, N2O, CO2 and CH4 
from the SCM beddings were quantified using a static flux chamber system with 
internal gas recirculation composed of a flux chamber connected to a photoacoustic 
gas monitor (INNOVA 1412A, Denmark; e.g. Teye and Hautala, 2010; Predotova et 
al., 2010) by two Teflon tubes (inner diameter, 3 mm). The detection limit of the 
measuring equipment was 200 ppb for NH3, 30 ppb for N2O, 100 ppb for CH4, and 
5100 ppb for CO2. The flux chamber had a sharp bottom edge and an internal 
diameter of 0.3 m. It was made of PVC (poly vinyl chloride), which is known to 
have low NH3 adsorption capacity (Shah et al., 2006). At each measurement event, 
the flux chamber was pressed down 4 to 5 cm deep into the surface of the SCM 
bedding. The insertion into the bedding was done carefully with minimum 
disturbance. Thereafter, time patterns of NH3, N2O, CO2, and CH4 concentrations 
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were recorded for 10 to 15 minutes. The measurements were done at three random 
places in the bedding area twice weekly (Monday and Friday) just before the 
application of fresh straw and additives. Due to technical problems, no 
measurements could be carried out during week 5 of the housing period. 
The measurement system quantifies vertical fluxes of gases from the 
manure bedding surface. Inherently, inflow air is sucked from the air-layer just 
above the emitting surface and pumped back (outflow air) inside the closed 
chamber. Previously, this system had been used for instance in broiler houses and 
provided reliable estimations of NH3 volatilization from litter surfaces (Brewer and 
Costello, 1999). However, during validation sessions for the measuring set-up, 
Predotova et al., (2010) found average errors for NH3, N2O, CO2 and CH4 of -13, 
-12, 5 and -2%, respectively, thus resulting in possible slight underestimations of the 
gaseous N losses. The photoacoustic multi-gas monitor was calibrated by ENMO 
services in Belgium in April 2009 and May 2010, and was found to be in well-
performing conditions on both occasions. It has built-in compensation for cross 
interferences of CO2 and water vapours with NH3, N2O and CH4 gases (Predotova et 
al., 2010). 
 
2.2.1.5 Calculation of gaseous fluxes  
Accumulation of NH3 (gas) inside the flux chamber is a diffusional mass transport 
process (Szánto, 2009). The NH3 emission rate in the flux chamber is time 
dependent and gradually decreases when NH3 concentration increases (Teye and 
Hautala, 2010). Measurements were stopped once the concentration of NH3 (gas) 
inside the flux chamber reached the equilibrium state with NH3 (aqueous) in the top 
layer of the SCM bedding. It was assumed that the system then had reached a 
steady-state with a gas-liquid phase ratio of 1:1; hence no further emission could 
occur. In order to estimate actual NH3 emission rates from the SCM bedding of each 
treatment, a non-rectangular hyperbola (Eq. 2.4) was used to fit each set of NH3 
measurement data to obtain the initial slope of the curve between NH3 (gas) 
concentration (mg m-3) and time (minutes) (Fig. 2.2). This initial slope represents the 
instantaneous NH3 emission rate. 
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NH!" = D +
1
2A $B& × t + C − )(B& × t + C)
* − 4A × B& × C	,																									(2.4)	
 
Where [NH3] is the measured NH3 (gas) concentration in the chamber (mg m-3), A is 
a sharpness parameter with a value between 0 (Michaelis-Menten type relation) and 
1 (Blackmann curve), B1 is the initial slope of the curve (mg m-3 min-1), C is the 
equilibrium NH3 (gas) concentration (mg m-3), t is time (min), and D is the NH3 (gas) 
concentration at time zero (mg m-3). 
Production of N2O, CO2, and CH4 in the SCM beddings is driven by 
biochemical processes (Laguë, 2003) and therefore their concentrations increased 
continuously inside the flux chamber. Consequently, the average linear slope of the 
data between gas concentration (mg m-3) and time (minutes) represented the 
instantaneous emission rate (B2). 
The gaseous emission rates (R) for the total barn unit in units of g LU-1 
day-1 were calculated by:  
 
R = 1.44 × B./&,*
V × A
A2 × LU
																																																																																												(2.5) 
 
Where 1.44 is the conversion factor for up-scaling mg min-1 to g day-1, B1 is the 
instantaneous NH3 emission rate (mg m-3 min-1), B2 is the slope of the data between 
N2O, CO2, or CH4 concentration and time (mg m-3 min-1), VT is the total volume of 
the air inside the monitoring system during measurement (1.82*10-2 m3), Ac is the 
surface area of the SCM bedding covered by the flux chamber (7.07*10-2 m2), ABU is 
the area of a barn unit that was covered with SCM (42 m2), and LU is the number of 
livestock units in a barn unit. VT was calculated by subtracting the reduced volume 
of the flux chamber (after inserting into the SCM bedding) (3.18*10-3 m3) from the 
total internal volume of the chamber (2.12*10-2 m3) and subsequently adding the 
internal volume of the PVC tubes (1.41*10-5 m3) and the air volume inside the gas 
monitor (1.4*10-4 m3). 
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Besides, NH3 or N2O emission rates for the total barn unit in units of g (kg 
of N excreted)-1 day-1 (R2) were calculated by:  
  
R* =
R&
	TN	excreted	per	group																																																																																								(2.6) 
Where R1 is NH3 or N2O emission rate (g group-1 day-1), total N (TN) excreted is the 
difference between daily feed N intake (kg N (group of bulls)-1) and TNretention (kg N 
(group of bulls)-1). TNretention was calculated as the daily body weight gain by the 
bulls (kg group-1) multiplied by a common live weight N content of 28×10-3 kg N 
kg-1 for growing bulls (Haas et al., 2002). 
 
Fig. 2.2 Model fit of NH3 (gas) concentration with time. A is sharpness parameter, B 
is initial slope of the curve, C is equilibrium NH3 concentration, and D is NH3 
concentration at time zero. 
 
2.2.1.5 Calculation of barn unit total N losses (BNL) 
The total N (TN) losses from each barn unit during the housing period were 
quantified through: (i) the mass balance method and (ii) the TN/ash ratio method (cf. 
Paz and Weiss, 2012). The barn unit total N losses through the mass balance method 
(BNLmass) were calculated as: 
BNL?@ = TN.ABC −	TNCBC																																																																																		(2.7)           
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TN.ABC = TN	 + TNC@E + TN@		.C.F																																																																		(2.8) 
TNCBC = TN?@A + TNCAC.A																																																																													(2.9) 
 
Where TNfeed is the difference between total N in offered and refused feed (kg N 
group-1), TNstraw is the total mass of applied fresh straw (kg group-1) multiplied by its 
N content, TNadditive is the total mass of each additive applied (kg group-1) multiplied 
by its respective N content, TNmanure is the total N amount of trampled-down SCM 
during housing and accumulated manure on the bedding area at the end of the 
housing period (kg N group-1), and TNretention was calculated as above. 
Barn unit total N losses through the TN/ash ratio method (BNLTN/ash) were 
calculated as: 
BNLI/@K	(%	of	inputs) =
QTNashT.ABC − Q
TN
ashTCBC
QTNashT.ABC
× 100																											(2.10) 
 
Finally, the proportion of N losses unaccounted for within the established total 
gaseous N losses (UNL as a proportion of total N losses) was calculated as: 
UNL	 = BNL?@ − Total	NH!˗N − Total	N*O˗NBNL?@
× 100																																							(2.11) 
  
 Periodical emission totals of NH3-N and N2O-N were calculated by 
averaging the emission rates between two consecutive sampling points and 
multiplying by the number of days between these two points (Chadwick, 2005). 
Subsequently, the emission values were summed throughout the whole housing 
period. 
 
2.2.2 Storage period 
2.2.2.1 SCM collection and storage 
During weekdays (Monday to Friday), the trampled-down SCM by the bulls was 
manually collected using a hand scraper from the manure alley of each barn unit 
twice daily (early in the morning and late in the afternoon). After collection, it was 
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weighed and stockpiled inside a roofed building. For this purpose, four 
compartments using 1.5 m high concrete blocks were constructed on a concrete 
floor. Each compartment had a size of 4 m x 3 m x 1.5 m. These were lined with an 
impermeable plastic sheet in order to avoid any leaching. After the end of the 
collection period, the storage phase of the manures was continued for 80 days.  
 During the weekend, the trampled-down SCM by the bulls was 
mechanically scraped five times a day from the manure alleys of all the barn units 
together using an auto-scraper and transported to a separate common storage unit. 
Total amounts of trampled-down SCM for each treatment during the weekend days 
were estimated by interpolating the data from those of the adjacent weekdays.  
 
2.2.3 SCM sampling 
During the housing period, SCM was sampled from the bedding area of each barn 
unit twice a week (Monday and Friday). At each sampling event, small manure 
quantities (~ 100 g each) at nine random locations were manually taken from top to 
bottom of the bedding layer and subsequently mixed to get a composite sample.  
At the end of the storage period, each heap was weighed in total and three 
random samples were taken. During sampling, small amounts of manure were taken 
manually from 25 different positions of each heap and mixed to get a composite 
sample. All the samples were stored in a freezer at -18°C until analysis in order to 
prevent N transformations. 
 
2.2.4 SCM and feed analysis 
After the experimental period, SCM samples were taken out of the freezer and 
thawed at room temperature (20°C). Soon afterwards (~20 minutes), they were 
chopped with a cutting machine to small pieces (≤ 2 cm straw length) (Sommer and 
Dahl, 1999) and representative samples were analysed for DM, raw ash, total N, 
NH4+-N, nitrate-N (NO3--N) and pH-CaCl2. DM content was determined after drying 
the samples at 105°C for 24 hours. Subsequently, ash content was determined 
gravimetrically by ignition at 525ºC for 6 hours. OM content was calculated as the 
difference (OM = 100 - ash). Total C was assumed to be 50% of the OM (Pettygrove 
Evaluation of the bedding additives inside the animal housing 
35 
 
et al., 2009). The NH4+-N and NO3--N contents were measured in a 1:10 fresh 
SCM/0.01 M CaCl2 extract by means of segmented-flow analysis (Houba et al., 
1989). The pH was measured with a pH meter by using the same
 
extract (pH-CaCl2). 
 Feed samples were oven-dried at 70°C for 48 hours to determine their DM 
content. Thereafter, they were ground to pass a 1 mm sieve and representative 
samples were analysed for total N. Total N contents of fresh SCM and dried feed 
samples were measured after Kjeldahl digestion (Bremne, 1960; MAFF, 1986).  
 
2.2.5 Total N losses up to field application 
Total manure N losses up to field application from the treatments consisted of the 
sum of the respective housing and storage losses. Therefore, the total housing losses 
included N losses from the SCM bedding area as well as the manure alley. These 
were calculated as the difference between gross inputs (corrected for animal 
retention) and gross outputs. The manure storage losses were obtained by taking the 
difference between the total amount of N in the collected trampled-down SCM 
throughout the housing period (corrected for the weekend days) and the total amount 
of N present in each corresponding manure heap at the end of the storage period. 
 
2.2.6 Statistical analysis 
During each measurement day, the calculated emission rates of each gas from the 
bedding area taken at three random places were averaged. Besides, the measured 
thicknesses of SCM bedding at nine random locations were averaged. Subsequently, 
the mean values for each gaseous emission rate or bedding thickness were subjected 
to univariate analysis at 5% probability level by using PASW Statistics (19.0; SPSS 
Inc, Chicago, IL, USA). For this purpose, the treatments (n=4) were taken as a fixed 
factor and days of measurement (n=18) just like replicates as a random factor. When 
treatment effects were significant (P < 0.05), differences among the treatments were 
tested by Duncan’s multiple range test. The differences in feed N intake, DM intake, 
N excreted, and the straw-to-N excreted ratio were statistically tested as described 
above. 
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Non-linear regression analysis was performed for each set of NH3 
concentration measurements by using the model in Eq. 2.4 for estimating the 
average instantaneous NH3 emission rate (B1). Relationships between CH4 and N2O 
emission rates with thickness of the SCM bedding as well as relations between N2O 
and CO2 emission rates were assessed by using linear regression analyses. In order 
to obtain a data set of independent values of bulls’ dirtiness for each of the two 
measuring days, the 70 scores for every bull were summed and treated as a replicate 
(Jeppsson, 1999). 
 
2.3 Results 
2.3.1 Bulls’ dirtiness 
Means of dirtiness scores of the bulls in each group on day numbers 38 and 78 of the 
housing period are presented in Table 2.4. At day 38, this score was greater (P < 
0.05) in the lava meal group than in the farm topsoil and zeolite groups. There was, 
however, no difference (P > 0.05) between the lava meal and control groups. At day 
78, the bulls of the lava meal group were dirtier (P < 0.05) than those in the other 
groups. 
 
Table 2.4 Total weight of solid cattle manure (SCM) scraped from the bedding area, 
average thickness of the SCM bedding and its bulk density at the end of the housing 
period along with mean cattle dirtiness score of the bulls (Mean (n=8) ± S.E.). 
 
† The means within a column followed by different letters as superscript are significantly different (P < 
0.05) 
 
 
Treatment Weight Thickness Bulk density Dirtiness scores 
 (Mg) (m) (Mg m-3) Day 38 Day 78 
Control 6.4 0.18 0.9  20bc ± 2† 6a ± 1 
Zeolite 6.1 0.15 1.0  16ab ± 1 6a ± 1 
Farm topsoil 5.1 0.11 1.1  15a ± 2 5a ± 1 
Lava Meal 5.6 0.14 1.0  23c ± 1 9b ± 1 
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2.3.2 SCM characteristics 
Characteristics of the SCM bedding samples are presented in Table 2.5. The DM 
content of the SCM bedding was highest for the sandy farm topsoil treatment while 
the C content was highest for the control. The C/N ratio of the SCMs treated with 
the additives was on average lower than of the control (23.5 vs. 25.5). 
 
2.3.3 Gaseous emissions 
The gaseous emission rates from the SCM beddings throughout the housing period 
are shown in Fig. 2.3. In general, NH3 emission rates per LU were fluctuating during 
the first six weeks and stabilised thereafter (Fig. 2.3a). In contrast, emission rates of 
N2O, CO2, and CH4 were initially low and increased towards the end of the housing 
period (Figs. 2.3b-2.3d). 
Mean gaseous emission rates in the units of g LU-1 day-1 and g (kg N 
excreted)-1 day-1 for the housing period are presented in Table 2.6. For NH3, N2O, 
and CO2 the average emission rates per LU were highest for the control and lowest 
in case of the zeolite treatment. The CH4 emission rates did not show significant 
differences between treatments (P > 0.05; Table 2.6). Emission rates of N2O and 
CO2 followed similar patterns during the whole study period (Figs. 2.3b and c), and 
a significant (P < 0.001) linear relationship between CO2 and N2O emissions could 
be detected (Fig. 2.4).  
 
2.3.4 Relationship between CH4 and N2O emissions with thickness of SCM 
beddings 
The CH4 and N2O emission rates in dependence of the thickness of the SCM 
beddings are shown in Figs. 2.5a and b. In each treatment, CH4 emission greatly 
increased when the thickness of the bedding layer exceeded a height of 10 cm (Fig. 
2.5a). This increase was higher (P < 0.05) only in case of the farm topsoil as 
compared to the control. N2O emission increased more gradually as bedding layer 
thickness increased. This is demonstrated by the trend lines in Fig. 2.5b.  
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2.3.5 Barn unit total N losses (BNL) 
There were only marginal differences in total N losses from the bedding additive 
treatments calculated through the mass balance (BNLmass) and TN/ash ratio 
(BNLTN/ash) methods while no differences were observed in case of the control 
treatment (Tables 2.7a and 2.7b). The barn unit total N losses amounted to 11% of 
the N inputs from the control treatment. Addition of zeolite, farm topsoil and lava 
meal reduced these losses by on average 73, 60, and 50%, respectively. Regardless  
of their higher total N in puts, the level s of BNLmass were lower for the additive 
treatments with respect to the control (Table 2.7a).  
Total NH3-N emission was lower from the bedding additive treatments (on 
average 0.38 kg NH3-N group-1) as compared to the control (1.51 kg NH3-N 
group-1). However, these accounted for only 4 to 14% of the total N losses (Table 
2.8). Total N2O-N emission contributed on average about 2% to the total N losses 
from the bedding additive treatments, whereas this fraction was only 1% in case of 
the control. The unaccounted N losses represented on average 89% of the total N 
losses. 
 
2.3.6 Total N losses up to field application 
Table 2.9 shows the total N losses through the SCM systems up to field application 
and the contribution of the “housing” and “storage” phases to these losses. From the 
bedding additive treatments, these losses were much lower during housing as 
compared to the storage period (on average 27% vs. 73% of the total N losses, 
respectively). However, in the control both phases had an almost similar share in the 
total N losses. Total N losses presented as proportion of gross inputs (corrected for 
animal retention) up to field application were reduced by about 37% due to the use 
of the additives with regard to the control. These were mainly due to reduction in 
total N losses during the housing as compared to the storage period separately (on 
average 61% vs. 15%, respectively). 
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2.4 Discussion 
Various degrees of slopes of the bedding areas as well as amounts of applied straw 
were chosen in order to compensate for the variation in average live weight of each 
group of bulls. By housing animals with lower live weights on steeper slopes the 
outflow of SCM through trampling activities was enhanced. As a result, the amounts 
of SCM left on the bedding areas did not show much variation among the treatments 
(Table 2.4). Besides, average thicknesses of the SCM beddings were similar (P > 
0.05; Table 2.3) throughout the experimental period while there were only marginal 
differences in bulk density (Table 2.4). Above all, the amounts of applied straw 
proportionally to the number of livestock units in each group of bulls provided a 
nearly similar ratio of straw-to-N excreted (P > 0.05; Table 2.3). Consequently, no 
direct effects of applying different amounts of straw input for the various groups on 
NH3 emission rates could occur. Therefore, the established reductions from the 
treated manures could only be ascribed to the use of bedding additives. 
During the housing period, the applied amount of each bedding additive 
was pre-adjusted to achieve a reduction in the NH3 emission of about 80%. In case 
of zeolite, this resulted in a daily application rate of 0.5 kg per LU and the realized 
average reduction was 87% (Tables 2.1 and 2.6). Greater amounts were needed for 
the lava meal and especially the farm topsoil treatments. Despite the fact that lava 
meal also has the potential to capture NH4+ in its Mg and P compounds leading to 
struvite formation, a daily dose of 1.0 kg per LU was needed to achieve the obtained 
emission reduction of 85%. The farm soil used in our study was quite acidic (pH-
CaCl2 4.9), which would have improved its capacity to reduce NH3 emissions. On 
the other hand, the soil was quite sandy, which could have reduced its capacity to 
abate NH3 and subsequently N2O emissions. However, with a daily application rate 
of 1.65 kg per LU the obtained reduction was on average 84%. When soils with a 
larger clay fraction would be used the adsorption capacity will be higher and a 
smaller amount is required to reach the same emission reduction. Nevertheless, there 
is need to test the effectiveness of various soil types with diverging clay contents 
and pH levels to mitigate NH3 and N2O emissions. 
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It was estimated that cost for reducing 1 kg of NH3-N losses through animal 
housing by using farm topsoil as bedding additive was only 10 € compared to 79 € 
for zeolite and 131 € for lava meal. Costs associated with farm topsoil were costs for 
collection, transportation and drying. Costs of zeolite and lava meal were calculated 
by multiplying their purchase cost (0.25 € per kg when bought in bulk quantities) 
with the amounts needed (315 and 523 kg, respectively) to reduce 1 kg of NH3-N 
emission. Keeping in view the above costs, it is concluded that farm topsoil is a 
readily available and cost-effective resource to mitigate NH3 emissions. 
Of the three additives, only zeolite significantly reduced N2O and CO2 
emissions as compared to the control (P < 0.05). This can be ascribed to its unique 
adsorbing characteristics towards these gases (Ackley et al., 2003; Wheeler et al., 
2011). In spite of the fact that adsorption of NH4+ retards the occurrence of 
nitrification and denitrification processes (Zaman and Nguyen, 2010), we found that 
both the use of lava meal and farm topsoil only led to a tendency of reduced N2O 
losses. Mean CH4 emission throughout the whole housing period was not affected by 
any additive at all because it is a non-polar molecule and hence could not be 
adsorbed (Wheeler et al., 2011). However, CH4 emission rates were higher (P < 
0.05) from the farm topsoil relative to the control when the thickness of the manure 
bedding layer exceeded a height of about 10 cm. This could be attributed to the 
inherit high capacity of soil to retain water which reduces the prevalence of oxic 
zones and thus promotes methanogenesis (Whalen and Reeburgh, 1996).  
Interestingly, a significant linear relationship (P < 0.001) between CO2 and 
N2O emission rates was found when all the data points were plotted together (Fig. 
2.4). This shows a great similarity with the plant residues decomposition system 
described by Huang et al. (2004). In their study plant residues were incorporated 
into the soil while in our study manure (urine and faeces) was excreted by the bulls 
on the straw beddings. In both systems microbial decomposition and mineralization 
of easily degradable organic C compounds is stimulated and this increases the 
quantity of substrate for nitrification and denitrification processes (Millar et al., 
2004). This results in simultaneous production and emission of CO2 and N2O. 
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Denitrification of nitrate produces NO2, NO, N2O, and N2 (Mahimairaja et 
al., 1994; Groot Koerkamp et al., 1998). The emissions of NO2, NO, and N2 were not 
measured in our study. During the housing period of 80 days, the calculated sum of 
these N losses represented between 85 to 94% of the total N losses (Table 2.8). This 
is in line with the unaccounted range of 76 to 92% of total N losses during 144 days 
of beef cattle housing as observed by Gilhespy et al. (2009). These high percentages 
of unaccounted N losses might be explained for a small part by errors in the 
emission estimates (i.e. emissions during trampling activities of the bulls were not 
taken into account) since the cumulative figures were derived from a number of 
measurements at discrete points rather than from continuous measurements (Moral 
et al., 2012).  
Another possible error source is the representativeness of the sampled 
SCM. Accurate sampling of the SCM from the bedding area is difficult as much of 
the urine might percolate through the bedding layer and remains on the floor where 
it becomes difficult to collect it. This might lead to underestimations of the manure 
N (Misselbrook and Powell, 2005). However, by far the greater part of these losses 
unaccounted for occurs in the form of harmless N2, which is the end-product of 
denitrification (Harper et al., 2000). Since total N2O-N emission during our study 
constituted only about 2% of the total N losses, it might be assumed that biological 
nitrification-denitrification processes by nitrifying and denitrifying bacteria played 
an only minor role. For this reason, other processes such as chemical denitrification 
(Van Cleemput, 1998), and nitrification-denitrification by methanotrophs or by 
heterotrophs which do not need oxygen (Harper et al., 2000) were more likely to 
dominate. During the chemical denitrification process spontaneous conversion of 
NH4+ into N2 generally takes place at an alkaline pH (Nikolic´ and Hultman, 2005). 
Since in all treatments the pH-CaCl2 was above 8 (Table 2.5), this might have been 
the case in our study.  
All the aspects of animal hygiene, animal health, and animal environment 
should be kept in mind when dealing with bedding additives. Bulls’ cleanliness is 
important for ensuring hygienic meat production and well-being of the animals. 
Regarding cleanliness, the bulls of the farm topsoil and zeolite groups were cleaner 
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compared to those of the lava meal group. This can be explained by their much 
higher water absorbing capacity (Arshad and Coen, 1992; Nguyen and Tanner, 
1998). Visual observations shortly after the application of additives revealed that the 
dust content of air was higher in case of both lava meal and zeolite treatments 
compared to farm topsoil application. Respiratory health of the animals and the 
people working inside animal buildings can be affected by dust inhalation. 
Application of farm topsoil provided both good air quality and cleanliness of the 
cattle. 
 
2.5 Conclusions 
The results of this study clearly showed that the use of zeolite, farm topsoil, and lava 
meal as bedding additives have great potential for reducing NH3 and total N losses 
through straw-based cattle housing facilities. However, mean N2O and CO2 emission 
rates were only reduced by the use of zeolite, whereas CH4 emission was not 
affected at all. From a cost perspective it is concluded that farm topsoil is the most 
attractive cheap bedding additive as compared to commercially available manure 
additives to mitigate both NH3 emission and total N losses up to manure field 
application. Besides, it provides good air quality inside the barn through producing 
only little dust during application and improves animal hygiene and well-being by 
keeping them clean.  
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Abstract 
We conducted three experiments to quantify the effects of three promising bedding 
additives, i.e. zeolite, lava meal and sandy farm topsoil, on (i) total nitrogen (N), 
ammonia-N (NH3-N) and nitrous oxide-N (N2O-N) losses during solid cattle manure 
(SCM) storage, and (ii) NH3 emissions after SCM application to grassland and NH3 
as well N2O, methane (CH4) and carbon dioxide (CO2) emissions after SCM 
incorporation into an arable maize field. Besides, apparent N recovery (ANR) by the 
two crops was measured. The additives were broadcasted thrice-weekly in the 
bedding areas of a naturally ventilated sloping-floor barn where four barn units were 
used for four treatments: untreated straw manure bedding (control) and straw 
manure beddings treated with local sandy farm topsoil, lava meal and zeolite. In 
each barn unit a group of eight young beef cattle was kept. The trampled down straw 
manure by the cattle was collected and weighed twice daily during a housing period 
of 80 days and stored in walled stockpiles inside a roofed building. This storage 
period was extended for another 80 days. Hereafter, the manures were surface-
applied to grassland and incorporated in an arable field before sowing of maize. The 
NH3 concentrations after surface spreading of the manures to grassland were 
measured by means of diffusion samplers installed at a height of 20 cm. Crop ANR 
in case of grassland was determined from three consecutive herbage harvests, 
whereas in maize it was established at three successive growth stages, i.e. end of 
juvenile phase, start of grain filling and physiological maturity.  
 During storage, all the additives reduced NH3-N and N2O-N emission rates 
by on average 87% and 53% compared to the control, respectively. However, these 
emissions comprised in total only up to 3% of the total manure N losses. The latter 
were diminished with 40% by either farm topsoil or lava meal and with 50% in case 
of zeolite. After surface application to grassland, NH3 emission rates were reduced 
by about two-thirds through all of the additives. Total herbage ANR was more than 
doubled from 11% (control) to 25% (farm topsoil), 26% (zeolite) and 28% (lava 
meal). Maize ANR appeared to be highest at the start of  grain filling (11%, 30%, 
44% and 30% for the control, farm topsoil, zeolite and lava meal, respectively) but 
much lower values were obtained at physiological maturity (8-14%). This was a 
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consequence of plant N losses due to leaf senescence during grain filling, which 
were lowest for the control. In conclusion, all three bedding additives improved the 
agro-environmental value of SCM by reducing N losses throughout the whole 
manure management chain and increasing its crop utilization.  
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3.1 Introduction  
Animal production systems emit ammonia (NH3) and greenhouse gases such as 
nitrous oxide (N2O), methane (CH4) and carbon dioxide (CO2) (Amon et al., 2001). 
NH3 emissions from animal manure may increase acidification of soils and 
waterways and contribute to nitrogen (N) eutrophication of terrestrial and aquatic 
ecosystems after dry and wet deposition (Pearson and Stewart, 1993; Amon et al., 
2001). N2O and CH4 contribute to the destruction of the stratospheric ozone layer 
(Akiyama and Tsuruta, 2003). Besides, nitrogenous losses to the atmosphere reduce 
the N fertilizer value of animal manure. 
Globally, stockpiling or composting of solid manure for an extended period 
of time before field application is a common practice (Zemmelink et al., 1992). It is 
well-known that up to about 50% of the initial N content can be lost with these 
storage methods (Eghball et al., 1997; Petersen et al., 1998; Shah et al., 2012a). 
Techniques such as diet manipulation, covering the manure heap with impermeable 
plastic sheet, manure acidification, chemical precipitation, biological nitrification, 
NH3 stripping and absorption have been recognized to considerably mitigate these 
losses (Ndegwa et al., 2008). However, these abatement measures have shown 
diverging effects on NH3 emission rates following application to soil (Kirchmann 
and Lundvall, 1998; Ndegwa et al., 2008). According to Rotz (2004) and Amon et 
al. (2006), the control of N losses during one phase of the manure management 
chain (animal housing - manure storage - manure application) can enhance them in 
subsequent phases. Therefore, it is crucial to develop and evaluate effective 
measures that reduce the losses throughout the whole chain and enhance overall crop 
N utilization.  
 To this end, the use of bedding additives like zeolite (clinoptilolite), lava 
meal (solidified magma) and farm topsoil can be considered as a promising practice, 
especially because of their potential to retain NH3 through ammonium (NH4+) 
adsorption. Adsorption of NH4+ reduces NH3 (aqueous) concentrations in the 
manure solution and thereby NH3 (gas) emission rates (Ndegwa et al., 2008). In 
addition, the occurrence of nitrification and subsequent denitrification processes will 
also be retarded (Zaman and Nguyen, 2010). Moreover, the presence of magnesium 
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and phosphate salts in lava meal might possibly lead to precipitation of NH4+ ions 
into struvite salt (ammonium magnesium phosphate; NH4MgPO4.6H2O) (Ali et al., 
2005; Zhang and Lau, 2007). However, to our knowledge no attempt has been made 
thus far to study their effects throughout the whole manure management chain. 
Therefore, we evaluated the mitigating effects of these bedding additives in a straw-
based sloping-floor barn, during storage and after field application of the produced 
solid cattle manure (SCM). The results of the housing phase were presented in Shah 
et al. (in review, a). During that phase, all of the bedding additives reduced the total 
NH3 emission with about 85%. The objectives of the current follow up study were: 
(i) to evaluate the mitigating effects of the three additives on gaseous N losses 
during the storage and application phases, and (ii) to determine crop apparent N 
recovery of the manures by a maize crop and a grassland sward. 
 
3.2 Materials and methods 
The study was carried out at the Organic Experimental and Training Farm 
Droevendaal, located 1 km north of the city of Wageningen, the Netherlands 
(latitude 55°99'N and longitude 5°66'E).  
 
3.2.1 Storage phase (Expt. 1) 
3.2.1.1 Manure production and storage  
The housing system was a naturally ventilated straw-bedded sloping-floor barn 
where four barn units were used for four treatments: straw application (control) and 
straw application followed by the addition of local sandy farm topsoil, lava meal and 
zeolite. Each barn unit had a bedding area of 42 m2 and a manure alley of 21 m2. In 
each barn unit a group of eight young beef bulls was kept. The bedding additives 
were applied thrice-weekly on the bedding areas of the barn units proportionally to 
the daily straw dosage of 5 kg per livestock unit, i.e. 10% of zeolite, 20% of lava 
meal and 33% of sandy farm topsoil (full details of the housing phase can be found 
in Shah et al. (in review, a). The chemical composition of the additives is presented 
in Table 3.1. From each barn unit, the trampled down solid manure was manually 
collected from the manure alley using a hand scraper twice daily (early in the 
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morning and late in the afternoon) during the housing period of 80 days. After 
weighing, the manures were stockpiled inside a roofed building as four separate 
heaps: untreated solid manure (control) and solid manure amended with zeolite, lava 
meal and sandy farm topsoil. For this purpose, four compartments were constructed 
on a concrete floor by using 1.5 m high concrete block walls. Each compartment had 
a size 4 m x 3 m x 1.5 m. These were lined with impermeable plastic sheet in order 
to avoid any leaching of the effluent. In order to build up manure heaps of a realistic 
size, the treatments were not replicated. The storage phase was continued for another 
80 days after the end of the collection period. From each manure heap, total N losses 
during the final storage period of 80 days were estimated (i) by comparing their 
contents relative to the raw ash fraction before and after storage (Shah et al., 2010) 
and (ii) according to the mass balance method (Sommer and Dahl, 1999). 
 
3.2.2 Application phase 
3.2.2.1 Grassland (Expt. 2) 
After storage, the manures were surface-applied manually on 16 June 2010 in 
circular plots with a diameter of 3 m on a previously mown grassland field at an 
application rate of 400 kg N ha-1. The experiment was set up as a randomised 
complete block design with three replicates. Treatments were: (i) unfertilized (zero), 
(ii) untreated SCM (control), (iii) SCM amended with zeolite, (iv) SCM amended 
with sandy farm topsoil, and (v) SCM amended with lava meal. 
During a growth period of five months, herbage was cut three times on the 
following days: 5 August, 30 September and 18 November 2010. At each harvest, 
the grass sward was cut to a height of 4 cm above soil surface using a motor mower 
with a cutting bar width of 0.9 m. In order to avoid border effects, the net cutting 
area for the analyses was the inner 1.8 m2 (2 m x 0.9 m) of each circular plot. Fresh 
herbage yield was measured in the field by weighing the harvested grass. A 
representative sub-sample of about 200 g was taken by an auger and oven-dried at 
70°C for 48 hours to determine DM yield (Sharkey, 1970). Afterwards, it was 
ground to pass a 1 mm sieve and analysed for total N content. Total N was 
determined through Kjeldahl digestion of the plant material (MAFF, 1986). At the 
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end of each harvest, the remaining herbage of the entire field was also cut at the 
same height and removed. 
 
3.2.2.2 Maize land (Expt. 3) 
After storage, each manure type was incorporated in the top 10 cm of an arable field 
of the farm using plot sizes of 15 m x 4.5 m and an application rate of 170 kg N ha-1. 
The experiment was set up as a randomised complete block design with four 
replicates. Treatments were: (i) unfertilised (zero), (ii) untreated SCM (control), (iii) 
SCM amended with zeolite, (iv) SCM amended with sandy farm topsoil, and (v) 
SCM amended with lava meal. One week after manure incorporation, silage maize 
(cv. Lapriora) was sown at 6 cm depth and a density of 11 plants m-2. Each plot had 
6 rows of plants at a row spacing of 75 cm. Weeds were removed manually during 
the vegetative growth period of the maize plants.  
 In order to study the dynamics of N uptake and apparent N recovery (ANR) 
in time, maize crop samples were taken at three successive growth stages: 55 days 
after sowing (DAS), i.e. at the end of juvenile stage, 98 DAS (start of grain filling) 
and 131 DAS (physiological maturity). These growth stages were based on Gungula 
et al. (2003). During the first two harvests, 10 plants were selected randomly from 
the two inner rows (rows 2 and 5) of each plot, and were manually cut at ground 
level using a sharp knife. At final harvest, all the plants in the remaining two middle 
rows (rows 3 and 4) were cut mechanically at 10 cm height by a mechanical maize 
harvester and the actual number of harvested plants per plot was counted. At this 
growth stage, stubble DM and N yields represent about 4% of their respective 
harvested yields above 10 cm (M. Ali, personal communication). They were added 
to the obtained DM and N yields in order to enable a fair comparison with the first 
two growth stages. The outer two rows (rows 1 and 6) were not used for the 
experiment in order to exclude border effects. 
At each harvest, fresh yield was measured in the field by weighing the total 
harvested aboveground plant biomass. Subsequently, the plants were chopped and a 
representative sample of approximately 500 g was taken for further analysis. Each 
sample was oven-dried at 70°C for 48 hours to determine DM yield and the dried 
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samples were ground to pass a 1mm sieve and analysed for total N content. Total N 
was determined following Kjeldahl digestion of the plant material (MAFF, 1986).  
 
3.2.3 Measurement of gaseous fluxes (Expts. 1 and 3) 
Fluxes of NH3 and N2O during manure storage (Expt. 1) and NH3 and greenhouse 
gases (N2O, CH4 and CO2) after manure incorporation into the maize field (Expt. 3) 
were quantified. This was done by using a static flux chamber system with internal 
gas recirculation connected to a photoacoustic gas monitor (INNOVA 1412A, 
Denmark) by two Teflon tubes (inner diameter, 3 mm). The flux chamber had a 
bottom sharp edge and an internal diameter of 0.3 m. It was made of PVC (poly 
vinyl chloride), which is known to have low NH3 adsorption capacity (Shah et al., 
2006). At each measurement event, the flux chamber was pressed down 4 to 5 cm 
deep into the surface area of the manure heap during storage or the soil top layer 
after manure incorporation at two or three random places, respectively. Thereafter, 
time patterns of gaseous concentrations were recorded for 10-15 minutes during 
manure storage and for 5-10 minutes in the field experiment. The measurements 
were done at noon on 1, 24, 54, 70 and 80 days after the start of manure storage 
(Expt. 1). At day 70 of the storage period (Expt. 1), it was observed that due to the 
formation of a relatively dry crust layer on all of the heap surfaces, the gaseous NH3 
diffusion process was impeded. NH3 concentrations were then below the detection 
limit of the gas monitor. The detection limits were 200 ppb for NH3, 30 ppb for N2O, 
100 ppb for CH4 and 5100 ppb for CO2. The photoacoustic gas monitor was 
calibrated by ENMO services in Belgium during April 2009 and May 2010, and was 
found to be in well-performing conditions on both occasions. It has built-in 
compensation for cross interferences of CO2 and water vapour with NH3, N2O and 
CH4 gases. Predotva et al. (2010) found in validation measurements average errors 
for NH3, N2O, CH4 and CO2 of -13, -12, -2 and 5%, respectively, which might have 
resulted in some underestimation of N losses with the above setup during our 
measurements. 
Due to heavy rainfall immediately after soil manure incorporation and also 
later on (Expt. 3; Fig. 3.1), gaseous emission measurements were not appropriate to 
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sort out the effects of the additives. Therefore, they were carried out in a parallel 
experiment in the same field one week later. For this purpose, manure was 
incorporated at the same application rate and soil depth as in the main experiment in 
plots measuring 2 m x 3 m according to a randomised complete block design with 
three replicates. Immediately after incorporation and during two consecutive days 
thereafter, gaseous concentrations were measured starting in the morning at 9:00 am 
by using the set up as described above.  
 
 
Fig. 3.1 Weekly average temperature (solid line) and cumulative precipitation (bars) 
during 2010. 
 
3.2.3.1 Calculation of gaseous fluxes 
Accumulation of NH3 (gas) inside the flux chamber is a diffusional mass transport 
process (Szánto, 2009). The NH3 emission rate in the flux chamber is time 
dependent and gradually decreases when NH3 concentration increases (Teye and 
Hautala, 2010). Measurements were stopped once the concentration of NH3 (gas) 
inside the flux chamber reached the equilibrium state with NH3 (aqueous) in the top 
layer of the solid manure heap (Expt. 1). The system was then in a steady state with 
a gas-liquid phase ratio of 1:1, hence no further emission could occur. In order to 
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estimate actual NH3 emission rates, a non-rectangular hyperbola (Eq. 3.1) was used 
to fit each set of NH3 measurement data to obtain the initial slope of the curve 
between NH3 (gas) concentration (mg m-3) and time (minutes). This initial slope 
represents the instantaneous NH3 emission rate. 
 
 =  + 12  ×  +  −  ×  +  − 4 ×  × 																						3.1		
   
Where [NH3] is the measured NH3 (gas) concentration in the chamber (mg m-3), A is 
a sharpness parameter with a value between 0 (Michaelis-Menten type relation) and 
1 (Blackmann curve), B1 is the initial slope of the curve (mg m-3 min-1), C is the 
equilibrium NH3 (gas) concentration (mg m-3), D is the NH3 (gas) concentration at 
time zero (mg m-3) and t is time (min). For further details see Shah et al. (in review, 
a). 
 Production of N2O, CH4 and CO2 gases is driven by biochemical processes 
(Laguë, 2003) and therefore their concentrations increase linearly within the flux 
chamber (Expts. 1 and 3). Consequently, the fitted linear slope (B2) of the data 
between N2O, CH4 or CO2 concentration (mg m-3) and time (minutes) represents the 
instantaneous emission rate.  
The NH3, N2O, CH4 or CO2 emissions rates (R) for the manure heaps (Expt. 
1) or in the field (Expt. 3) in units of mg m-2 day-1 were calculated by:  
 
R = 1440 × , !"# 																																																																																																							3.2 
 
Where 1440 is conversion factor for up-scaling a minute to a day, B1 is the 
instantaneous NH3 emission rate (mg m-3 min-1), B2 is the fitted linear slope of the 
data between N2O, CH4 or CO2 concentration and time (mg m-3 min-1), VT is the total 
volume of the air inside the monitoring system during measurement (1.82*10-2 m3) 
and Ac is the surface area covered by the flux chamber (7.07*10-2 m2). VT was 
calculated by subtracting the reduced volume of the flux chamber (after inserting 
into the SCM heap or the soil) (3.18*10-3 m3) from the total internal volume of the 
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chamber (2.12*10-2 m3) and subsequently adding the internal volume of the PVC 
tubes (1.41*10-5 m3) and the air volume inside the gas monitor (1.4*10-4 m3). 
We calculated periodical emission totals of NH3-N and N2O-N during 
storage by averaging the emission rates between two consecutive sampling points 
and multiplying by the number of days between these two points (Chadwick, 2005). 
Subsequently, the emission values were summed throughout the whole storage 
period.  
 
3.2.4 Measurement of NH3 concentration after manure surface application 
(Expt. 2) 
Immediately after manure surface application to grassland, average NH3 
concentration in the air above each plot was measured for a period of 72 hours by 
using passive diffusion samplers (Kirchner et al., 1999). It was assumed that NH3 
emission was proportional to the measured average NH3 concentration in the air 
above each plot after correction for the average background value (Shah et al., 
2012b). A set of three diffusion samplers was installed vertically (12 cm apart, open 
side downward) at a height of 20 cm above the soil surface in the centre of each plot 
using a specially designed wooden frame (see Shah et al., 2012b for full details). 
The minimum distance between two adjacent plots was kept at 15 m to avoid NH3 
mixing among the experimental units (Malgeryd, 1998). The NH3 was trapped in 
steel girds of the samplers coated with 60 µL of 10% (w/v) sulphuric acid (H2SO4). 
The samplers were removed after 72 hours of placement since by far the greatest 
part of NH3 emission occurs within the first three days after manure application 
(McGinn and Sommer, 2007). After removal from the field, diffusion samplers were 
transported to the laboratory. In the laboratory, the stainless steel girds from each 
sampler were washed in 5 ml of distilled water. Thereafter, the solution was 
analysed for NH4+-N content according to the procedure described by Houba et al., 
(1989). Subsequently, average NH3 concentration (µg m-3) was calculated using the 
following equations developed by Hofschreuder and Heeres, (2002): 
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$% = 1718 ×
( × )
*+,. × -./0 × 																																																																																						3.3 
 
*+,. = 1.1265	 × 	1034 56
.78
9 :																																																																															3.4 
 
Where CNH3 is the NH3 concentration (µg m-3), 17/18 is the conversion factor from 
NH4+ to NH3, Q is the measured amount of NH4+ (µg), Z is the length of the tube 
(4.1*10-2 m), Dcof. is the diffusion coefficient (2.28*10-5 m2 s-1), Atube is the area of 
the tube (7.85*10-5 m2), t is the sampling time (s), T is the air temperature (K) and P 
is the air pressure (bar).  
 
3.2.5 Determination of crop N recovery (Expts. 2 and 3) 
Herbage or maize ANR was calculated as:  
 
;	% = = × >= − ? × >?6@ × 100																																																						3.5 
 
Where Nm is the herbage or maize N content (kg N (Mg DM)-1) in the manured 
plots, DMm is the herbage or maize DM yield (Mg ha-1) in the manured plots, N0 is 
the herbage or maize N content (kg N (Mg DM)-1) in the unfertilized plots, DM0 is 
the herbage or maize DM yield (Mg ha-1) in the unfertilized plots, and TNa is the 
total amount of applied N with the manure (kg ha-1) on grassland or to the maize 
crop. 
 
3.2.6 Analyses of solid manure, plant and soil samples 
Three random samples were taken from each manure heap at the start, i.e. after the 
80 days of collection period, and at the end of the storage period (Expt. 1). During 
sampling, small amounts of manure were taken from 25 different positions through 
the top 30 cm of each heap and mixed to get a composite sample. All the samples 
were stored in a freezer at -18°C until analysis in order to prevent N transformations. 
After storage the samples were thawed at room temperature (20°C) and chopped 
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with a cutting machine to small pieces (≤ 2cm) (Sommer and Dahl, 1999). 
Representative samples were analysed for DM, OM, total N, NH4+-N, nitrate-N 
(NO3--N) and pH-CaCl2. DM content was determined after drying the samples at 
105°C for 24 hours. Subsequently, the raw ash content was determined 
gravimetrically by ignition at 525ºC for 6 hours with OM content being equal to the 
ignition losses. Total carbon (C) was assumed to be 50% of the OM (Pettygrove et 
al., 2009). Total N was measured after Kjeldahl digestion (MAFF, 1986). The NH4+-
N and NO3--N contents were measured in a 1:10 fresh solid manure/0.01 M CaCl2 
extract by means of segmented-flow analysis (Houba et al., 1989). The pH was 
measured with a pH meter (inoLab pH meter level 1, WTW GmbH & Co. KG, 
Germany) by using the same extract (pH-CaCl2).  
The dried maize samples were ground with a ball-mill (Retsch, Germany) 
and subsequently extracted in 5 ml of 80% ethanol for 20 minutes at 80°C. The 
supernatant was discharged, the residues were centrifuged and the obtained pellets 
were washed three times with 80% ethanol before vacuum drying in order to remove 
already existing soluble sugars and to accurately analyse starch (converted to 
glucose) in the samples. Starch was enzymatically converted to glucose with 
thermostable α-amylase (Serva 13452) in water at 90°C, and subsequently at 60°C 
with amyloglucosidase (Fluka 10115) in 50 mM citrate buffer with pH = 4.6. The 
obtained starch extracts were analysed on a Dionex ICS5000 HPLC equipped with a 
CarboPac1 (250 x 2mm) column eluted with 100 mM NaOH and 12.5 mM sodium 
acetate. Cell wall contents, i.e. cellulose, hemicellulose and lignin, in the maize plant 
samples were determined gravimetrically after extracting the dried samples with 
H2SO4 as outlined in Dence (1992) (the NDF/ADF method). 
To estimate the contents of soil inorganic N (NH4+-N + NO3−-N) in all 
treatments of the maize experiment (Expt. 3), soil samples were taken on five 
occasions: just before manure application, and 2, 55, 98 and 131 DAS. At each 
sampling event, ten random samples were taken from each plot with a soil auger at 
depths of 0-30 and 30-60 cm. After sampling from the field, soils were dried in an 
oven at 40°C for 48 hours and ground to pass a 1 mm sieve. Subsequently, all the 
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samples were analysed for inorganic N using a 1:10 soil/0.01 M CaCl2 extract by 
means of segment-flow analysis (Houba et al., 1989). 
 
3.2.7 Statistical analysis 
Non-linear regression analysis in PASW Statistics (19.0; SPSS Inc, Chicago, IL, 
USA) was performed for each set of NH3 concentration measurements during 
manure storage (Expt. 3.1) by using the model in Eq. 3.1 in order to estimate the 
instantaneous NH3 emission rate (B1). The obtained NH3 concentrations with the 
three diffusion samplers installed in each plot of the grassland (Expt. 2) and 
estimated gaseous fluxes at three random places of each plot in maize land (Expt. 3) 
were averaged. The mean values per plot from each of the three replicates (Expts. 2 
and 3) were subjected to ANOVA and Duncan’s multiple range tests at 5% 
probability level.  
The effects of the treatments on crop DM yield, N uptake and ANR data 
(Expts. 2 and 3) were tested using ANOVA and Duncan’s multiple range test at 5% 
probability level. The differences in DM, N, starch, cellulose, hemicellulose and 
lignin yields at various maturity stages of maize (Expt. 3) were statistically tested as 
described above. The relationship between the observed decrease in inorganic N 
content of top soil (0-30 cm) and measured increase in crop N uptake between the 
end of the juvenile phase (55 DAS) and the start of the grain filling stage (98 DAS) 
was assessed by using linear regression analysis. 
 
3.3 Results 
3.3.1 N losses during storage (Expt. 1) 
Time patterns of NH3 and N2O emission rates during the manure storage period are 
presented in Fig. 3.2. The three additives were equally effective in reducing NH3 
emission during the early stages of the storage period, when the NH3 emission rate 
was almost 5 times higher from the untreated control manure. For the control 
manure, the NH3 emission rate declined throughout the storage period, but in case of 
the treated manures it started to decline only after three weeks (Fig. 3.2a). After 10 
weeks, NH3 emissions were no longer detectable due to the formation of a dry crust 
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on the surface of all manure heaps. In all treatments, N2O emission rate increased up 
to week 8 of the storage period, and decreased thereafter (Fig. 3.2b). In the early 
stages of the storage period, the N2O emission rate from the control and zeolite 
treatments was about two times higher than from the farm topsoil and lava meal 
treatments. At the end of storage period, there was no difference any longer among 
the treatments. Overall, the bedding additives reduced NH3-N and N2O-N losses by 
on average 87 and 53%, respectively (Table 3.3). There were only marginal 
differences in total N losses during the whole storage period calculated through mass 
balance and N/ash ratio methods (Table 3.3). These were higher for the control (on 
average 34% of the initial total N) relative to the bedding additive treatments (on 
average 20%). 
 
Table 3.2 Chemical composition of the solid cattle manures at the start and end of 
the storage period of 80 days (Expt. 1).  
 
3.3.2 Gaseous emissions after manure application (Expts. 2 and 3) 
Mean NH3 concentrations above the manured plots in the grassland study (Expt. 2) 
after correction for the average background value are presented in Fig. 3.3. The NH3 
† DM, dry matter 
‡ OM, organic matter 
 
Sampling 
 occasion 
Treatment DM† OM‡ Ash Ntotal Ninorg Ninorg/Ntotal C/N ratio pH-CaCl2 
  (g kg-1) (g kg-1 DM) (%)   
Start Control 180 900 100 24 1.7  7 19 7.9 
 Zeolite 217 851 149 20 1.7   8 22 8.2 
 Farm topsoil 236 751 249 18 2.1 11 21 8.2 
 Lava meal 191 804 196 20 1.4 7 20 8.1 
End Control 197 828 172 27 1.7   6 15 8.1 
 Zeolite 196 739 261 30 2.8   9 12 8.6 
 Farm topsoil 217 620 380 21 2.6 10 15 8.6 
 Lava meal 205 705 295 25 1.7   7 14 8.3 
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concentrations above the additive treatments were on average 69% lower compared 
to the control.  
In the maize experiment, NH3-N and N2O-N emissions were limited to only 
< 1% and ~1% of the applied inorganic N, respectively (data not shown). Mean N2O 
and CO2 emission rates were highest from the control, while for the zeolite and farm 
topsoil amended manures they were not significantly different from the zero 
treatment (Table 3.4). Effects were mainly restricted to day 1 of the measurement 
period (Figs. 3.4a and c). Mean CH4 emission rates remained unchanged during the 
measurement period (Table 3.4; Fig. 3.4b). 
 
3.3.3 Crop DM yield, N uptake and apparent N recovery (Expts. 2 and 3) 
Due to use of additives, total herbage DM yield (~42%), N uptake (~68%) and ANR 
were greatly increased compared to the control (Table 3.5; Expt. 2), while no 
significant differences were observed among them (P > 0.05).  From the control 
manure, the herbage recovered only 11% of the total amount of applied N in the  
aboveground biomass. This fraction was increased by more than twofold (up to a 
mean ANR value of 26%) through the use of additives (Table 3.5). 
At the start of the grain filling, maize ANR was increased with a factor 3 to 
4 due to the use of bedding additives (Table 3.5). During the 33 days of the grain 
filling phase, on average 1500 kg NDF ha-1 and 25 kg N ha-1 were lost from the 
aboveground DM in the bedding additive treatments (Figs. 3.5a and b; Tables 3.6a 
and b). Consequently, at physiological maturity, no differences were observed any 
longer in the calculated ANR among the treated and untreated manures (Expt. 3; 
Table 3.5). Moreover, only small differences were found in final starch yield 
between the manured treatments (Fig. 3.5c). The aboveground DM mass increased 
during the period of grain filling in case of the zero, control and the lava meal 
treatments, decreased in case of the zeolite treatment and remained unchanged in 
case of the farm topsoil treatment (Fig. 3.5d). 
 
 
 
Evaluation of the bedding additives during manure storage and after its application 
69 
 
Fi
g.
 
3.
4 
Em
iss
io
n
s 
ra
te
s 
(m
g 
m
-
2  
da
y-
1 ) 
o
f (
a) 
N
2O
,
 
(b)
 
CH
4 
an
d 
(c)
 
CO
2 
du
rin
g 
th
re
e 
co
n
se
cu
tiv
e 
da
ys
 
af
te
r 
m
an
u
re
 
in
co
rp
o
ra
tio
n
 
(E
x
pt
.
 
3).
 
Er
ro
r 
ba
rs
 
re
pr
es
en
t 
st
an
da
rd
 
er
ro
r 
(±
) o
f t
he
 
m
ea
n
s.
 
 
 
Chapter 3 
70 
 
3.3.4 Soil inorganic N dynamics in maize land (Expt. 3) 
The patterns of soil inorganic N in the top (0-30 cm) and sub soil layers (30-60 cm) 
during the maize experiment are shown in Fig. 3.6. There was an initial increase in 
the amounts of inorganic N in the topsoil of all treatments until the end of the 
juvenile stage (55 DAS). Afterwards, there was a strong decrease (~63%) up to the 
grain filling stage (between 55 and 98 DAS) followed by no change until 
physiological maturity (at 131 DAS). A clear positive linear relation (P < 0.05) was 
found between the net increase in maize crop N uptake and the net decrease in soil 
mineral N content of the topsoil over the 43 days between the end of the juvenile 
stage and the start of the grain filling phase (Fig. 3.7). 
 
3.4 Discussion 
3.4.1 N losses during storage and after application  
Total storage N losses from our control treatment (on average 34% of the 
initial N; Expt. 1) were in line with what has been observed by Larney et al. (2006) 
from stockpiled beef solid manure during a storage period of 100 days. However, 
Tiquia et al. (2002) found higher N losses (on average 54% of the initial N) from 
stockpiled manure heaps during 42 days of storage. This was in all probability due 
to the lower initial C/N ratio of the manure they have used (range 9-12). In our study 
the initial C/N ratio was between 19 and 22 (Table 3.2) which could have stimulated 
N immobilization, leading to reduced gaseous N losses (Kirchmann, 1985). This 
corroborates with Egball et al. (1997) who found a negative correlation between the 
initial C/N ratio and N losses during composting.  
Of the total storage N losses, only up to 3% could be accounted for (Expt. 
1; Table 3.3). This is below the range of earlier accounted for N losses (NH3-N, 
N2O-N and N leaching), i.e. 8-41% of total N losses from stockpiled SCM heaps 
stored outside in various experiments (Petersen et al., 1998; Sommer and Dahl, 
1999; Shah et al., in review, c). Our relatively low fraction of these losses could 
possibly be attributed to the following two phenomena. Firstly, storing manure 
inside the walled-compartment lined with plastic sheet reduced the gaseous 
emitting-surface area per weight unit of fresh manure compared to outdoor non-
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enclosed manure storage. Consequently, gaseous (NH3-N and N2O-N) losses took 
place only through a 12 m2 exposed heap surface area. Secondly, leaching losses due 
to rain were absent because of indoor manure storage. Besides, effluent leaching 
from the heaps was prevented since the compartments were lined with an 
impermeable plastic sheet.  
The NH3-N and N2O-N emissions were restricted to < 1% and ~ 1% of the 
total amount of applied inorganic N after manure incorporation into the soil, 
respectively. This could be ascribed to the presence of physical barriers for gaseous 
mass transport through the soil matrix (Webb et al., 2004). However, soil 
incorporation has potential to change the N loss pathways in the long run. For 
instance, Powell et al. (2011) reported an increase in N leaching after manure 
incorporation. But in our study N leaching may have been restricted due to NH4+ 
adsorption by the additives. Besides, manure incorporation at a depth of about 10 cm 
in our experiment might possibly have led to an increased conversion of N2O to N2 
(through biological and/or chemical denitrification) due to the increased length of 
the gaseous diffusion pathway through the soil matrix, and hence finally less N2O 
emission (Thorman et al., 2007). However, we carried out gaseous measurements 
only for three days and therefore effects of soil incorporation and the bedding 
additives on N losses via denitrification processes in the long run were not studied. 
 
3.4.2 Soil inorganic N dynamics in maize land 
After incorporation of manure into the soil, mineralization of manure OM occurred 
causing a net increase in soil mineral N contents until 55 DAS (Fig. 3.6). This 
revealed that the rate of N mineralization of the manure OM was higher than the N 
uptake rate by the crop. As plant growth proceeded (55 DAS to 98 DAS), all the 
mineralized N was taken up by the crop and even a net decrease in soil mineral N 
contents was observed (Fig. 3.6). The net N uptake was positively related to the net 
decrease in inorganic N content of topsoil (0-30 cm) (P < 0.05; R2 = 0.98; Fig. 3.7). 
There was no difference among the treatments in the initial (BMA) and the final 
(131 DAS) soil mineral N contents (Fig. 3.6) while N uptake was higher in the 
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bedding additive treatments at the start of grain filling as compared to control (Table 
3.5).  
 
3.4.3 Crop apparent N recovery 
The application of each additive resulted in a higher (P < 0.05) herbage (total of 3 
cuts) and maize (at start of grain filling) N uptake and ANR as compared to the 
untreated control (Table 3.5). This was attributed to: (i) reduced losses of N through 
the whole manure management chain which retained as much of the excreted N in 
the manure as possible for plant uptake, and (ii) possibly prevention of nitrification 
and subsequently N leaching through NH4+ adsorption by the additives. 
In the current study, total herbage ANR after surface application of SCM 
amended with lava meal was much higher (more than doubled relative to untreated 
manure; Table 3.5) than found by Shah et al. (2012b). Their reported increase in 
herbage ANR was only 33% after surface application of SCM amended with lava 
meal. This was in all probability due to the difference in time span between mixing 
of lava meal with the manure before its surface application to grassland. We applied 
lava meal in the bedding areas of the barn during the 80 days of the housing period 
and the manures were collected and stored for 160 days in total, while Shah et al.  
(2012b) mixed lava meal only one day prior to field application. The early additive 
application in the current experiment most likely has led to an increased adsorption 
of NH4+ during the housing phase (Shah et al., in review, a) and subsequent manure 
storage. Therefore, it is recommended to apply bedding additives already inside the 
barn rather than during manure storage or just before field application. 
The higher availability and crop uptake of N in the additive treatments 
enhanced the leaf area expansion of maize, which resulted in a higher DM yield 
compared to the control treatment at the start of the grain filling phase (Table 3.5). 
However, this also resulted in enhanced shading of the bottom leaves, and 
consequently faster senescence of leaves lower in the canopy (Gan and Amasino, 
1997). This has resulted in losses of NDF and N during the grain filling stage in the 
heaviest crops. Consequently, the calculated ANR of the crops in the bedding 
additive treatments at physiological maturity was lower than at the start of grain 
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filling, and no differences in ANR were observed any longer between the treated and 
untreated manures at physiological maturity (P > 0.05; Table 3.5).  
During the grain filling phase, accumulation of starch in the cob is largely 
dependent on export of assimilates from the source leaves (Prioul and Schwebel-
Dugué 1992). Since this process depends mainly on the presence of 
photosynthetically active leaves in the top of the canopy and the sink strength of the 
cob, the higher N availability in the maize crops of the bedding additive treatments 
compared to the control (untreated manure) had only small effects on final starch 
yield at physiological maturity (Fig. 3.5c). 
 
3.5 Conclusions 
It was found that total N, NH3-N and N2O-N losses during manure storage and NH3 
emissions after field application were remarkably reduced by the bedding additives. 
Herbage (total of 3 cuts) and maize (at start of grain filling) ANR was increased just 
over 2 and 3 times by the additives, respectively. Maize ANR decreased between the 
start of grain filling and physiological maturity due to increased N losses through 
leaf death (senescence) in the heaviest crops. This warrants keeping in mind the crop 
developmental stage when carrying out fertilisation experiments with maize. Our 
results demonstrate that the three used bedding additives have great potential to 
improve the agro-environmental value of solid cattle manure throughout the whole 
manure management chain. 
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Abstract 
The objectives of our study were to quantify the effects of contrasting storage 
methods of solid cattle manure (SCM) on: (i) emissions of ammonia (NH3), nitrous 
oxide (N2O), carbon dioxide (CO2) and methane (CH4), (ii) total carbon (C) and 
nitrogen (N) balances during storage, and (iii) crop apparent N recovery (ANR) 
following manure application to arable land with maize as test crop. Portions of 10 
Mg of fresh SCM were stored for five months in three replicates as: (i) stockpiled 
heaps, (ii) roofed heaps, (iii) covered heaps, and (iv) composted heaps. Surface 
emissions of NH3, N2O, CO2 and CH4 were measured regularly by using a static flux 
chamber system with internal gas recirculation. Total C and N losses during storage 
were determined through the mass balance method. After storage, the manures were 
surface-applied and incorporated in a sandy soil, and maize ANR both as a 
proportion of field applied N (ANRF) and collected N from the barn (ANRB) was 
established at three successive growth stages, i.e. end of juvenile phase, start of 
grain filling and physiological maturity.  
 During the storage period, on average 6% of the initial Ntotal was lost from 
the covered, 12% from the roofed, 21% from the stockpiled and 33% from the 
composted heaps. Of the total N losses, 2-9% was lost as NH3-N, 1-4% as N2O-N 
and 16-32% through leaching. However, the greater part of the total N loss from the 
four storage methods was unaccounted for and constituted in all probability of 
harmless dinitrogen gas. Of the initial C content, about 13, 14, 17 and 22% was lost 
from the covered, stockpiled, roofed and composted heaps, respectively. Maize 
ANRF appeared to be highest at the start of grain filling (20%, 29%, 31%, and 39% 
of the applied N for composted, stockpiled, roofed and covered treatments, 
respectively) but lower values were obtained at physiological maturity (12-21%). 
The respective values in case of maize ANRB were 13, 23, 27 and 37% of total N 
taken from the barn at the start of grain filling while it was also lower (8-20%) at 
physiological maturity. This was a consequence of plant N losses due to leaf 
senescence during grain filling, which were lowest for the composted treatment. It is 
concluded that from a viewpoint of on-farm N recycling the storage of SCM under 
an impermeable plastic cover is much better than traditional stockpiling or 
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composting in the open air.  
 
Keywords: Solid cattle manure, manure storage, ammonia, greenhouse gases, 
leaching, manure incorporation, maize N recovery 
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4.1 Introduction  
Ammonia (NH3) and greenhouse gases like nitrous oxide (N2O), methane (CH4) and 
carbon dioxide (CO2) emissions from livestock farming systems are a concern due to 
their possible/potential adverse environmental effects (Groot Koerkamp, 1998; 
Jeppsson, 1999; Amon et al., 2001; Oenema et al., 2005). High NH3 emission can 
cause acidification and eutrophication of oligotrophic ecosystems, and enhances 
deposition of NHx together with sulphate particles, which may alter the net 
irradiance among the various atmospheric layers (Sutton and Fowler, 2002). Further, 
it can react with other complex compounds to form particulate matter that may cause 
haze and reduce natural visibility. N2O and CH4 emissions contribute to global 
warming by destroying the stratospheric ozone layer (Crutzen, 1981). Emission of 
all these gases may occur in each component of the solid cattle manure (SCM) 
management chain, i.e. animal housing – manure storage – manure application, but 
the highest losses are likely associated with the storage phase (Hutchings et al., 
2001). 
 After excretion in barns, SCM is directly applied to the field or stockpiled 
and/or composted in the open air for a certain period of time prior to field 
application. When uncovered, the stored manure is subjected to ambient 
environmental conditions (i.e. rainfall, temperature, wind and radiation), which 
influence gaseous emissions and leaching of nitrogen (N) from the heaps 
(Kirchmann, 1985). These losses may not only contribute to environmental pollution 
but also reduce the N fertiliser value of manure. Turning of the manure heap during 
composting exposes the inner fresh material to microbial colonisation which 
increases the manure decomposition rate and hence the temperature inside the heap. 
Additionally, the inner voids of the heap are exposed to the air, which will boost 
gaseous emissions (Amon et al., 2001; Parkinson et al., 2004; Sagoo et al., 2005). 
Some farmers stockpile SCM in a roofed building with the aim to protect it against 
precipitation and therefore to reduce especially leaching losses (Mosquera et al., 
2006); however, this is not a common practice. All these storage methods result in 
substantial gaseous emissions and leaching of N up to about 50% of the initial N 
content from the heaps (Eghball et al., 1997; Petersen et al., 1998; Shah et al., 
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2012a). 
 Several strategies have been proposed to reduce the storage N losses. These 
include compaction and/or covering of manure heaps, use of chemical as well as 
biochemical additives, and application of additional straw (Sommer and Møller, 
2000; Chadwick, 2005; Yamulki, 2006; Ndegwa et al., 2008; Shah et al., in review, 
a). It has been shown that NH3 emission from SCM can be reduced by up to 80% 
through covering the heap with a tarpaulin sheet with respect to an uncovered 
control (Sagoo et al., 2007). Chadwick (2005) reported that compaction and 
subsequent covering of a manure heap can reduce NH3 and N2O emissions by about 
90 and 30%, respectively. Application of chemical and biochemical additives has 
the potential to reduce NH3 emissions by even up to 100% (Ndegwa et al., 2008). 
Application of additional straw to solid manure reduced N2O emission by 57% 
compared to the heap without additional straw (Yamulki, 2006). However, straw 
addition might increase dry matter (DM) and NH3 losses by promoting aerobic 
conditions inside the heap (Kirchmann, 1985). Despite all these efforts, there are still 
large uncertainties in the emission estimates from the basket of storage methods 
whilst the routes of N loss are not well quantified yet.  
Storage conditions not only affect the level of N losses but also determine 
the characteristics of the end product, which can be decisive for subsequent N 
release for crop uptake after manure application (Kirchmann, 1985; Shah et al., 
2012a; Rashid et al., 2013). Anaerobic storage results in the production of low 
molecular compounds i.e. volatile fatty acids, alcohols and phenols, and higher 
contents of NH4+-N (Kirchmann, 1985; Thomsen and Olesen, 2000). Composting 
transforms a part of the easily degradable N leading to the formation of stable N 
compounds with a relatively low C/N ratio. Consequently, microbial decomposition 
and mineralisation activities after application of composted manure to soil will be 
lower as compared to anaerobically stored manure. For instance, Shah et al. (2012a) 
found a 35% higher plant N utilisation from the latter manure type during the year of 
application.  
The objectives of this study were therefore to quantify the effects of 
contrasting storage methods of SCM on (i) emissions of NH3, N2O, CO2 and CH4, 
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(ii) C and N balances during storage, and (iii) apparent N recovery from both field 
applied N (ANRF) and collected N from the barn (ANRB), after application to maize 
cropped land. 
 
4.2 Materials and methods  
4.2.1 Storage treatments 
Fresh SCM was collected from a naturally ventilated sloping-floor litter-barn with 
young beef cattle, where chopped cereal straw was used as bedding material at a 
daily rate of 5 kg per livestock unit. Immediately thereafter, portions of 10 Mg 
manure were put on a clean concrete floor outdoors to make conical heaps with a 
height of about 1.5 m and a base diameter of about 5 m. There were four manure 
storage methods: (i) stockpiled heap in the open air, (ii) roofed heap: stockpiled heap 
under a plastic roof, (iii) covered heap: stockpiled heap covered with an 
impermeable plastic sheet, and (iv) composted heap with monthly turnings. All the 
treatments were arranged in a randomised complete block design with three 
replicates. The manure heaps were build-up in bunkers bounded by one course of 
concrete blocks around three sides (approximately 0.5 m high) and a ridge of sand 
forming the fourth side (30 cm high). In this way leachates could be collected and it 
facilitated the access of a tractor with front end-loader for the turning operations in 
case of the composted heaps. For each of the covered heaps, an impermeable plastic 
sheet (0.15 mm thick polyethylene film) was used which was lined at its bottom and 
at the top. The edges of the plastic sheet were covered with sand-filled plastic sacks 
in order to block the inflow of air into the heap. For each roofed heap, an artificial 
roof was built by installing a thick impermeable plastic sheet (0.15 mm thick 
polyethylene film) on four curved iron posts each with a height of 4 m in the middle. 
The manure was stored for 160 days starting from the 1st week of December 2009 
until the 2nd week of May 2010.    
 
4.2.2 Manure sampling and analyses 
Both at the start and end of the storage period, three manure composite samples (ca. 
2 kg fresh wt.) were collected from each heap. Each composite sample consisted of 
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20-30 sub-samples taken by hand from different locations of a heap. The samples 
were stored at -18°C until analysis in order to prevent N transformations. Before 
analysis, the samples were thawed at room temperature (20°C) and soon afterwards 
(~20 minutes) chopped with a cutting machine in order to cut straw particles into 
small pieces (≤ 2 cm) (Sommer and Dahl, 1999). From this material, representative 
sub-samples of about 100 g were analysed for total N, NH4+-N, nitrate-N (NO3--N), 
pH, DM and raw ash (Table 4.1). Total N was measured after Kjeldahl digestion 
(MAFF, 1986). Contents of NH4+-N and NO3--N were measured in a 1:10 
manure/0.01 M CaCl2 extract by means of segmented-flow analysis (Houba et al., 
1989). The pH was measured in the same extract using a pH meter (inoLab pH 
meter level 1, WTW GmbH & Co. KG, Germany). DM was determined after drying 
the samples at 105°C for 24 hours (Anonymous, 1998). Subsequently, raw ash 
content was determined gravimetrically through ignition of the dried samples at 
525°C for 6 hours (Anonymous, 1998) with organic matter (OM) being equal to the 
ignition losses. Total C was assumed to be 50% of the OM (Pettygrove et al., 2009). 
 
4.2.3 Measurement of gaseous concentrations and calculation of their fluxes 
Fluxes of NH3, N2O, CO2 and CH4 from the surface of manure heaps were 
quantified by using a static flux chamber system with internal gas recirculation 
composed of a flux chamber connected to a photoacoustic gas monitor (INNOVA 
1412A, LumaSense Technologies, Ballerup, Denmark; Predotova et al., 2010) by 
two Teflon tubes (internal diameter = 3 mm) each of 1.5 m long. The tubes were 
made of polyvinyl chloride (PVC), which is known to have low NH3 adsorption 
capacity (Shah et al., 2006). The gas monitor had a built-in pump for recirculation of 
gases in the flux chamber. The flux chamber had a sharp bottom edge and an 
internal diameter of 0.3 m. The total internal volume of the chamber was 2.12 × 10-2 
m3. The measurements were done on daily to bi-weekly intervals. At each 
measurement event, the flux chamber was gently pressed down 4 to 5 cm deep into 
the surface of manure heap. Thereafter, time patterns of NH3, N2O, CO2 and CH4 
concentrations were recorded for 10 minutes. Measurements were made from three 
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random places of the roofed, stockpiled and composted heaps on 20 different days 
during the storage period. These measurements were not possible from the covered 
heaps. The photoacoustic multi-gas monitor was calibrated by ENMO services in 
Belgium in April 2009 and May 2010, and was found to be in well-performing 
conditions on both occasions. It has built-in compensation for cross-interferences of 
CO2 and water vapour with NH3, N2O and CH4. However, during validation sessions 
for the above measuring set up, Predotova et al. (2010) found average errors for 
NH3, N2O, CO2 and CH4 of -13, -12, 5 and -2%, respectively, resulting in possible 
slight underestimation of N losses. 
 Instantaneous emission rates of NH3, N2O, CO2 or CH4 were calculated 
from the fitted (linear) slope of gas concentration (mg m-3) versus time (minutes). 
Small negative emission rates that occasionally occurred especially at the end of the 
storage period were set to zero. The gaseous emission rates (R) for the manure heap 
in units of mg m-2 h-1 were calculated as: 
 
R = 60 × B
V	
A
																																																																																																																			(4.1) 
Where 60 is the conversion factor for up-scaling mg min-1 to mg h-1, Bi is the fitted 
initial linear slope of the data between NH3, N2O, CO2 or CH4 concentrations and 
time (mg m-3 min-1), VT is the total volume of the air inside the monitoring system 
during measurement (1.82 × 10-2 m3) and Ac is the surface area of the solid manure 
heap covered by the flux chamber (7.07 × 10-2 m2). VT was calculated by subtracting 
the reduced volume of the flux chamber (after inserting into the solid manure heap) 
(3.18 × 10-3 m3) from the total internal volume of the chamber (2.12 × 10-2 m3) and 
subsequently adding the internal volume of the PVC tubes (1.41 × 10-5 m3) and the 
air volume inside the gas monitor (1.4 × 10-4 m3). 
Emission totals for NH3-N, N2O-N, CO2-C and CH4-C were calculated by 
averaging the emission rates between two consecutive sampling dates and 
multiplying with the time elapsed between these two points (e.g. Chadwick, 2005; 
Moral et al., 2012). The emissions were upscaled from mg m-2 to kg heap-1 by 
multiplying it with the surface area of the heaps, which was measured periodically 
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during the storage period. Subsequently, the emission values were summed for the 
whole storage period.  
Finally, the N losses unaccounted for (UNL) as a proportion of the 
established total N losses (TNL in kg heap-1) were calculated by: 
 
UNL	(%	of	total	losses) = 100	 × 	
(TNL	–	NH ˗N	–	N"O˗N − N	leached)
TNL
							(4.2) 
 
The C losses unaccounted for (UCL) as a proportion of the established total 
C losses (TCL in kg heap-1) were calculated by: 
 
UCL	(%	of	total	losses) = 100 ×	
(TCL	– 	CO"˗C	– 	CH*˗C − C	leached)
TCL
											(4.3) 
  
4.2.4 Collection of leachates 
The concrete floor of each bunker sloped towards one side to facilitate the collection 
of effluent in the adjacent concrete collection tanks. The tanks, each measuring 5 m 
× 1 m × 1.5 m, were constructed under the soil surface and covered with concrete 
blocks to avoid the direct addition of rain water. From each individual tank, 
leachates were collected four times throughout the whole storage period and the total 
volume was measured. To this end, leachates were mechanically stirred and 
representative samples of about 1 litre per tank were taken. Thereafter, the samples 
were analysed for total N, NO3--N, NH4+-N, C, DM and ash content according to the 
procedures as described in section 4.2.2. 
 
4.2.5 Temperature and precipitation measurements 
Throughout the storage period, heap temperatures were automatically recorded with 
1 hour intervals at depths of 0.5 m (surface), 1.0 m (middle) and 1.5 m (bottom) 
using thermocouples connected with a data logger (Datataker DT 200, Data 
electronics Ltd, Australia; Fig. 4.1). The thermocouples were permanently inserted 
in the stockpiled, roofed and covered heaps, whereas in case of the composted heaps 
these were removed just before a turning event and inserted back thereafter in the 
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respective layers. Three thermocouples were left outside in the open air in order to 
measure the ambient temperature at 0.5 m height. Precipitation was measured during 
the whole experimental period with a rain gauge in the experimental area.  
 
 
Fig. 4.1 Schematic diagram of cross section of a manure heap.  
 
4.2.6 Mass balance through litterbag technique 
For each heap, a total of fifteen litterbags, each measuring 10 cm × 10 cm and made 
of nylon with 1 mm mesh were filled with 100 g of fresh SCM. After filling, they 
were firmly closed with long nylon strings and placed at three layers (surface, 
middle and bottom) of each heap, i.e. randomly 5 litterbags per layer (Fig. 4.1). One 
end of the string was marked with a non-decomposable tag and was kept outside the 
heap in order to distinguish among the layers. In the composted heap, all the 
litterbags were removed just before turning and placed back thereafter in the 
respective layers. At the end of the storage period, litterbags from all heaps were 
collected carefully and the leftover materials were weighed and analysed for total N, 
NH4+-N, NO3--N, DM, total C and raw ash according to the procedures described 
earlier in section 4.2.2. Thereafter, total DM, C and N losses were calculated 
through the mass balance method. 
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4.2.7 Crop N recovery 
After the storage phase, all the stored manures together with fresh manure taken 
directly from the barn (total N 29.7 g kg-1 DM, mineral N 3.7 g kg-1 DM and C/N 
ratio 12) were incorporated in the top layer of a sandy farm field at an application 
rate of 170 kg N ha-1. Treatments comprised: (i) control (unfertilised), (ii) fresh 
manure, (iii) stockpiled manure, (iv) roofed manure, (v) covered manure, and (vi) 
composted manure. All the treatments were arranged in a randomised complete 
block design with four replicates. The plot size was 15 m × 4.5 m. One week after 
manure incorporation (on May 19, 2010), maize seeds (cultivar: Lapriora) were 
sown at 6 cm depth and a density of 11 plants m-2. In each plot, there were 6 rows of 
maize plants with a row spacing of 75 cm. The experimental area was weeded 
manually during its vegetative growth period.  
 In order to study the dynamics of N uptake and apparent N recovery (ANR) 
in time, maize crop samples were taken at three successive growth stages: 55 days 
after sowing (DAS), i.e. at the end of juvenile stage, 98 DAS (start of grain filling) 
and 131 DAS (physiological maturity). These growth stages were based on Gungula 
et al. (2003). During the first two harvests, 10 plants were selected randomly from 
the two inner rows (rows 2 and 5) of each plot, and were manually cut at ground 
level using a sharp knife. At final harvest, all the plants in the remaining two middle 
rows (rows 3 and 4) were cut mechanically at 10 cm height by a mechanical maize 
harvester and the actual number of harvested plants per plot was counted. At this 
growth stage, stubble DM and N yields represent about 4% of their respective 
harvested yields above 10 cm (M. Ali, personal communication). They were added 
to the obtained DM and N yields in order to enable a fair comparison with the first 
two growth stages. The outer two rows (rows 1 and 6) were not used for the 
experiment in order to exclude border effects. 
 At each harvest, fresh maize biomass was measured in the field and 
subsequently chopped with a cutting machine in order to take representative fresh 
samples of about 500 g. Subsequently, the samples were oven-dried at 70°C for 48 
hours, ground to pass 1 mm sieve and analysed for total N content through Kjeldahl 
digestion (MAFF, 1986). Maize apparent N recovery in the field (ANRF) was 
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calculated as: 
 
ANR,	(%) =
(N- × DM-) − (N0 × DM0)
TN1
	× 	100																																																		(4.4) 
Where Nm is maize N content (mg N (kg DM)-1) in the manured plots, DMm is maize 
DM yield (kg ha-1) in the manured plots, N0 is maize N content (mg N (kg DM)-1) in 
the unfertilised plots, DM0 is maize DM yield (kg ha-1) in the unfertilised plots and 
TNa is total amount of N applied with manure (kg ha-1). 
 Thereafter, maize apparent N recovery of the N collected from the barn 
(ANRB) was calculated as: 
 
ANR2	(%) =
3TN4156 −	TNloss78951:;< ×	ANR,
TN4156
	× 100																																							(4.5) 
 
Where TN
 barn is total amount of manure N taken from the barn (kg), TNlossstorage is 
total N lost during storage (kg) and ANRF is maize apparent N recovery in the field 
(%). 
 
4.2.8 Statistical analysis 
The measurements for emissions of NH3, N2O, CH4 and CO2, N leaching and mass 
balances (DM, C and N) through litterbags were restricted to only one replication 
because of practical constraints. Emissions of NH3, N2O, CO2 and CH4 determined 
at three random places of each manure heap were averaged per heap and 
measurement event. Thereafter, mean values were statistically analysed using 
analysis of variance (ANOVA) in Genstat (13th Edition, VSN International, Hemel 
Hempstead, UK). For this purpose, storage methods (n = 4) were taken as treatments 
and days of measurement (n = 20) as replicates. Results from the litterbag 
measurements were statistically analysed by considering the five litterbags in each 
layer of a heap as replicates. 
 Total DM, C and N losses from the heaps during storage, and maize DM 
yield, N uptake and ANR data after manure application in the arable field were 
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statistically analysed using ANOVA and Duncan’s multiple range test at 5% 
probability level in Genstat. The differences in DM, N, starch, cellulose, 
hemicellulose and lignin yields at various maturity stages of maize were statistically 
tested as described above.  
 
4.3 Results 
4.3.1 Total DM, C and N losses 
Mass balances revealed that highest total DM, C and N losses occurred in the 
composted heaps and were lowest in the covered heaps (Tables 4.2 and 4.3; P < 
0.05). On average, 10% of the initial DM from the stockpiled, 12% from the roofed, 
8% from the covered and 20% from the composted heaps were lost. The respective 
values for total C losses were 14, 17, 13 and 22% (Table 4.2). About 21% of the 
initial Ntotal was lost from the stockpiled heap, whereas this fraction was 12% from 
the roofed, 6% from the covered and 33% from the composted heaps (Table 4.3). 
Total DM, C and N losses (% of initial) from the litterbags (Tables 4.4) were in line 
with their respective values derived from the mass balance at heap level (Table 4.4 
vs. Tables 4.2 and 4.3). Overall, both DM and C losses were higher (P < 0.05) from 
the surface layer of the roofed heap in comparison with the other two layers. 
However, there were no differences among the three layers of the stockpiled, 
composted and covered heaps (Table 4.4). Among the layers, N losses (% of initial) 
were higher (P < 0.05) from the surface layer of the stockpiled heap while these 
were lower (P < 0.05) from the bottom layer of the roofed heap as compared to the 
two other layers. In case of the composted and covered heaps there appeared to be 
no differences (Table 4.4; P > 0.05).  
 
4.3.2 Gaseous emissions and unaccounted losses  
Emissions of NH3, CO2 and CH4 peaked a few days after heap establishment and 
gradually declined thereafter. These patterns were closely correlated with the 
temperature decrease during the winter period (Fig. 4.2). The CO2 emissions were 
lower from the stockpiled heap than from the roofed and composted heaps (P < 0.05; 
Fig. 4.3a). In the composting treatment, CO2 losses were increased after each turning 
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event, especially at day-127. During the first two weeks of the storage period, CH4 
emissions from the roofed heap were about three times higher than from the 
composted and stockpiled heaps (Fig. 4.3b). After this initial storage phase, there 
were only small differences among these three heap types. Over the whole storage 
period, total measured gaseous and liquid C losses were about 39, 59 and 70% of the 
total C losses from the stockpiled, composted and roofed heaps, respectively (Table 
4.2). The respective shares of total CO2-C and CH4-C emissions together in these 
measured losses were 68, 84 and 97%, while the remainder was lost through C 
leaching. Overall, about 61% of the total C losses from the stockpiled, 41% from the 
composted and 30% from the roofed heaps were thus unaccounted for (Table 4.2). 
Emissions of NH3 increased after each turning event in case of the 
composted heaps especially at the last turning event (Fig. 4.3c). In case of the 
 
Fig. 4.2 Average temperature inside the manure heaps during the storage period. 
 
stockpiled heaps, NH3 emissions dropped down to values close to zero within 10 
days after heap establishment. Similarly, N2O emissions were only marginal after 
one week of heap establishment from the stockpiled treatment until day-100 (Fig. 
4.3d). Consequently, the measured total N2O-N emissions from the stockpiled heap 
were about 2 to 4 times lower as compared to the composted and roofed heaps 
(Table 4.3). N leaching from the stockpiled and composted heaps was about three 
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times higher than from the covered or roofed heaps (Table 4.3). Of the total 
measured gaseous and liquid N losses together, the cumulative emissions of NH3-N 
and N2O-N were only 9% from the stockpiled, 19% from the composted and 45% 
from the roofed heaps. N leaching losses constituted 91, 81 and 55% of total N 
losses from stockpiled, composted and roofed heaps, respectively. From the covered 
heap all measured N losses refer to leaching processes (32% of total N losses) as 
gaseous emissions could not be measured. On average, 74% of the total storage N 
losses from all of the manure heaps subjected to various storage conditions could not 
be accounted for. These unaccounted losses were highest (81% of total N losses) for 
the composted and lowest (68%) for the covered heaps, whereas the roofed and 
stockpiled heaps took an intermediate position with respective values of 72 and 74% 
(Table 4.3).  
 
4.3.3 Temperature inside the heaps 
Temperature inside the manure heaps initially increased quickly to about 20°C and 
subsequently decreased gradually until day-80; after day-100 it increased again (Fig. 
4.2). On average, temperature was higher in the roofed and composted heaps as 
compared to the stockpiled and covered heaps. For each storage treatment, there was 
only a slight difference among the heap layers; therefore, only the temperature 
patterns over time from the middle layer are presented in Fig. 4.2.  
 
4.3.4 Maize DM yield, N uptake and apparent N recovery 
Maize DM yield, N uptake, ANRF and ANRB are presented in Table 4.5. Both maize 
ANRF and ANRB were lower from composted manure as compared to covered 
manure. Maize ANRF appeared to be highest at the start of grain filling (20%, 29%, 
31%, and 39% of the applied N for composted, stockpiled, roofed and covered 
treatments, respectively), but lower values were obtained at physiological maturity 
(12-21%). The respective values in case of maize ANRB were 13, 23, 27 and 37% of 
total N taken from the barn as established at the start of grain filling, while it was 
also lower (8-20%) at physiological maturity (Table 4.5). During the 33 days of the 
grain filling stage, on average 1500 kg NDF ha-1 and 15 kg N ha-1 was lost from the 
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manure storage treatments (Figs. 4.4a and b; Tables 4.6a and b). Consequently, both 
maize ANRF and ANRB were decreased at physiological maturity with respect to the 
start of grain filling (Table 4.5). Moreover, only small differences were found in 
final starch yield between all manure treatments at physiological maturity (Fig. 
4.4c). The aboveground DM mass increased during the period of grain filling stage 
in case of zero, fresh, roofed and composted treatments, but decreased in case of 
covered treatment and remained unchanged in the stockpiled treatment (Fig. 4.4d). 
 
4.4 Discussion  
4.4.1 Total DM and C losses during storage of SCM 
SCM is subjected to microbial transformations, chemical reactions and natural 
drainage during the storage period, which results in losses of moisture, DM and 
nutrients (Chadwick, 2005). In our experiment all the heaps had decreased in size 
noticeably at the end of the storage period. DM losses were larger from the 
composted heaps than from the other treatments (Table 4.2). The emission rates of 
both CO2 and CH4 were higher during the first two weeks after heap establishment, 
declined thereafter and increased again towards the end, coinciding with the patterns 
of heap temperature (Fig. 4.2).  
Total CH4-C emissions were in the order of 1 to 2% of the initial C content  
(Table 4.2) and fell in the range of 0.4 to 9.7% of the initial C during storage of solid 
beef cattle manure as established by Chadwick (2005). Total emissions of CO2-C 
were just over 2 to 10% of the initial C, with the smallest losses occurring from the 
stockpiled heaps. From all treatments, the measured C losses (CH4-C, CO2-C and 
leaching) were on average 54% of total C losses determined through the mass 
balance method (Table 4.2). This relatively low proportion might partly be explained 
by errors in the estimates of total CH4-C and CO2-C emissions (i.e. unmeasured 
gaseous emission during turning operations) as their cumulative figures were 
calculated from a number of measurements at discrete points rather than continuous 
measurement (e.g. Chadwick, 2005, Moral et al., 2012). However, there might have 
been other unmeasured gaseous C losses involved like non-methane volatile organic 
compounds (Misselbrook et al., 2011) and carbon monoxide (Hellebrand and Kalk, 
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2001). 
 Total storage C losses from stockpiled and/or composted heaps in our 
experiment were lower compared to a number of other studies (Sommer and Dahl, 
1999; Larney et al., 2006). This could be explained by the relatively cold winter 
with freezing temperatures as reflected in the measured ambient air temperatures 
(Fig. 4.2). However, the losses established by us are corroborated with Moral et al. 
(2012) who also found lower C losses due to heavy rainfall and low temperatures. In 
our study the ambient temperature dropped below zero after two weeks of heap 
establishment followed by a freezing period of about 40 days (Fig. 4.2). In spite of 
the severe winter, storage methods had a significant effect on DM and C losses with 
highest values in case of the composted heaps. In all probability, this was associated 
with a higher level of aerobic decomposition as a result from diffusion of air into the 
straw-based heaps through the turning operations (Parkinson et al., 2004). The heat 
derived from these aerobic decomposition processes increases temperature inside 
manure heaps (Hansen et al., 2006). On the contrary, covering of manure blocks air 
circulation in the heap and thus creates anaerobic conditions. Anaerobic degradation 
of organic matter restricts microbial activities and does not increase temperature 
significantly which ultimately reduces the overall loss of C (Hansen et al., 2006).  
 
4.4.2 N losses during storage of SCM 
The total established losses of 21 and 33% of the initial N from the stockpiled and 
composted heaps in our experiment are in line with Parkinson et al. (2004). Covered 
storage reduced these N losses by about a factor five. Consequently, mineral N 
content in covered manure at the end of the storage period was greatly increased 
(Table 4.1). This increase is important from an agronomical viewpoint especially in 
case of organic agricultural practices where the use of artificial fertiliser is 
prohibited. However, due to both the increased mineral N content and pH of covered 
manure, compensatory losses may occur through increased NH3 emissions after its 
land application, when left untreated (e.g. Amon et al., 1997a and 2001). Benefits of 
manure covering can be maximised through soil incorporation (Webb et al., 2012), 
irrigation or using additives like lava meal which adsorb ammonium (Shah et al., 
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2012b). 
Measured NH3-N emission rates were between 0.4 and 1.1% of the initial 
total N from all of the heaps (Table 4.3), which fell in the range of 0.3 to 4.5% of 
initial N as reported in the literature (Petersen et al., 1998; Sommer and Dahl, 1999; 
Chadwick, 2005; Moral et al., 2012). The NH3 emission was higher from the roofed 
and composted heaps compared to the stockpiled heap in the open air (Table 4.3). In 
case of the composted heaps, turning increased air exchange through the materials 
and stimulated aerobic decomposition processes which will stimulate the process of 
NH3 emission (Amon et al., 2001; Parkinson et al., 2004). Visual observations 
during the experimental work revealed that the surface of the roofed heaps remained 
open and porous, especially during the first month of the storage, allowing NH3 to 
diffuse easily into the atmosphere. On the other hand, the stockpiled heaps in the 
open air were subjected to the exposure of weather (wetting and drying), which lead 
to the formation of a surface crust and thereby creating a physical barrier to gaseous 
N emissions. 
Covering manure heaps with an impermeable sheet inherently blocks air 
circulation and therefore forms a physical barrier which prevents NH3 diffusion to 
the atmosphere (Kirchmann, 1985; Hansen et al., 2006). Further, the formation of 
nitrate and nitrite is restricted under anaerobic conditions and thereby also the 
occurrence of denitrification losses (Kirchmann, 1985). However, leaching losses 
are unavoidable because of natural seepage since compaction displaces effluents 
including nutrients out of the heap (Chadwick, 2005).  
Of the total storage N losses from all treatments, about 2 to 9% was lost as 
NH3-N, 1 to 4% as N2O-N and 16 to 32% through leaching. Between 68 and 81% of 
the total N losses were unaccounted for. These are in the range of 38 to 92% of total 
N losses from SCM storage as observed by Sommer and Dahl (1999). The relatively 
low fraction of N losses accounted for in our experiment might be partly explained 
by errors in the emission estimates (i.e. emissions during turning operations were not 
measured) since the cumulative figures were derived from a number of 
measurements at discrete points rather than continuous measurements (e.g. 
Chadwick, 2005; Moral et al., 2012). However, by far the greater part of these 
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unaccounted N losses occurred in all probability in the form of the harmless 
dinitrogen gas, which is the end-product of denitrification (Petersen et al., 1998; 
Harper et al., 2000; Chadwick, 2005).  
In case of the composted and stockpiled heaps, N leaching was much 
higher with regard to the total of NH3-N and N2O-N emissions and could be 
attributed to the high rainfall amounts especially during the month of heap 
establishment (Fig. 4.5). Turning of manure heaps further increased the leaching 
processes likely by loosening the heaps, which facilitated the water infiltration from 
rain and thereby the N leaching from the heap. Leaching losses were remarkably 
reduced (> 60%) by protection from rain in case of the roofed and covered heaps. 
Due to relatively high rainfall amounts during the first month after heap 
establishment, N leaching losses were more pronounced in this period than later on. 
In all probability this was also affected by the depletion of the leachable N pool. 
During the first three months after heap establishment, N in the leachate was mainly 
in the form of NH4+-N and leachable organic N. Occurrence of NO3-N, comprising 
in the leachates only appeared in the month of April following a period of dry 
weather, which constituted a mere 2-7% of the total N leaching. The near absence of 
NO3-N is in line with previous observations from stockpiled and composted SCM 
heaps (Martin and Devis, 1992; Eghball et al., 1997; Petersen et al., 1998). 
 
Fig. 4.5 Cumulative rainfall (bars) and mean ambient air temperature (line) during 
the storage period. 
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4.4.3 Crop apparent N recovery 
After field application, maize ANRF was lower from composted manure as 
compared to covered manure. The reasons for this appeared to be (i) the relatively 
greater loss of readily degradable N compounds already during composting resulting 
in lower mineral N contents, and (ii) conversion of a part of the remaining N into 
chemical forms that are more stable than those originally present before composting 
(Kirchmann, 1985; Levi- Minzi et al., 1986: Kirchman and Witter, 1989; Thomsen, 
2001). When losses during storage were included in the calculations to arrive at an 
apparent N recovery for the whole manure handling chain with the barn as starting 
point (ANRB), a considerably lower value was observed for composted than for 
covered manures (ANRB = 13 vs. 37%, respectively). Interestingly, despite an 
observed 6% loss of the initial total N during the covered storage, ANRF from 
covered manure was higher than from fresh manure taken directly from the barn. 
This clearly indicates that a significant fraction of the initial organic N was 
mineralised. Consequently, total mineral N increased by 41% after covered storage 
with respect to fresh manure (Table 4.1) and thereby increased the N fertiliser value 
of this currently underutilised manure storage practice.  
The higher availability and crop uptake of N in the covered treatment had 
probably enhanced the leaf area expansion of maize, which resulted in a higher DM 
yield as compared to the other manure storage treatments at the start of grain filling 
stage (Table 4.5). Nevertheless, this has created shading of the bottom leaves in the 
canopy. Due to shading effects, faster senescence of the bottom leaves occurred. 
This has resulted in NDF and N losses during grain filling phase (Figs. 4.4a and b). 
Consequently, the calculated maize ANR at physiological maturity was lower than 
at the start of grain filling (Table 4.5).  
During the grain filling phase, starch accumulation in the cob is mainly 
reliant on export of assimilates from the source leaves (Prioul and Schwebel-Dugué, 
1992). Since this process largely depends on the presence of sufficient 
photosynthetically active (green) leaves in the top of the canopy and the sink 
strength of the cob, the differences in N availability between the treatments had only 
marginal effects on final starch yield at physiological maturity (Fig. 4.4c). 
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4.5 Conclusions 
This study revealed that C and N losses during storage of SCM can be reduced 
considerably by covering the heaps with an impermeable sheet. As an average over 
all storage treatments, only about one fourth of the total established N losses through 
the mass balance method could be traced back as gaseous (NH3 and N2O) emissions 
and N leaching losses. The remainder was unaccounted for and, in addition to 
measurement errors, constituted in all probability of harmless N2 gas. Of the 
measured N losses, highest contribution came from leaching processes and these 
were about threefold higher from the composted and stockpiled heaps compared to 
covered storage. After field application, covered manure substantially increased 
maize crop N recovery and DM yield, especially with regard to composted manure. 
Calculated maize ANR decreased between the start of grain filling stage and 
physiological maturity due to increase in N losses through leaf death (senescence). 
This warrants keeping in mind the growth stages when harvesting maize for 
measurements of soil and manure N uptake and manure ANR. All these findings 
lead us to conclude that covered storage is a promising means for helping to retain 
as much of the animal excreted N as possible in the SCM management chain. 
Currently, there are no formal regulations for covering solid manure heaps, while 
they exist for liquid and slurry manures in countries like the Netherlands and 
Denmark. The results of this study warrant the need to introduce such kind of 
regulation also for solid manures.  
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Chapter 5 
Simulation of long term carbon and 
nitrogen dynamics in grassland-based 
dairy farming systems to evaluate 
mitigation strategies for nutrient losses 
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Abstract 
Many measures have been proposed to mitigate gaseous emissions and other 
nutrient losses from agroecosystems, which can have large detrimental effects for 
the quality of soils, water and air, and contribute to eutrophication and global 
warming. Due to complexities in farm management, biological interactions and 
emission measurements, most experiments focus on analysis of short term effects of 
isolated mitigation practices. Here we present a model that allows simulating long 
term effects at the whole-farm level of combined measures related to grassland 
management, animal housing and manure handling after excretion, during storage 
and after field application. The model describes the dynamics of pools of organic 
carbon and nitrogen (N), and of inorganic N, as affected by farm management in 
grassland-based dairy systems. We assessed the long term effects of delayed grass 
mowing, housing type (cubicle and sloping floor barns, resulting in production of 
slurry and solid cattle manure (SCM), respectively), manure additives, contrasting 
manure storage methods and irrigation after application of covered manure. 
Simulations demonstrated that individually applied practices often result in 
compensatory loss pathways. For instance, methods to reduce ammonia (NH3) 
emissions during storage like roofing or covering of manure led to larger losses 
through NH3 volatilization, nitrate leaching or denitrification after application, 
unless extra measures like irrigation were used. A strategy of combined management 
practices of delayed mowing and fertilization with SCM that is treated with zeolite, 
stored under an impermeable sheet and irrigated after application was effective to 
increase soil carbon stocks, increase feed self-sufficiency and reduce losses by NH3 
volatilization and soil N losses. Although long term datasets (>25 years) of farm 
nutrient dynamics and loss flows are not available to validate the model, the model 
is firmly based on knowledge of processes and measured effects of individual 
practices, and allows the integrated exploration of effective emission mitigation 
strategies. 
 
Keywords: Simulation, solid cattle manure, carbon, nitrogen, grassland, mitigation 
strategies 
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5.1 Introduction 
During the last century, in many agricultural systems the inputs of nitrogen (N) 
bound by the Haber-Bosch process have largely replaced N from sources like 
symbiotic fixation and mineralization from manures, crop residues and soil organic 
matter (Sutton et al., 2011). The large amount of artificial fertilizers used in 
agroecosystems has resulted in high concentrations of reactive N in the biosphere, 
which caused negative effects on soil, water and air quality with detrimental 
consequences for ecosystems, food supply chains and human health (Matson et al., 
1998; Galloway et al., 2003). Large improvements have been reached in the 
environmental performance of dairy farming systems through improved farming 
practices, underpinning research and supporting policies since the 1980s. 
Nevertheless, effective integrated approaches to reduce these negative effects of 
agriculture are still urgently needed. 
Flows of N on grassland-based dairy and mixed crop-livestock farming 
systems can be conceptualized as a cycle from soil N uptake by grassland and crops, 
which are supplied to animals as feed, the ingested feed is partly incorporated into 
products but the largest proportion is excreted, and the excreta can be used to 
fertilize the soil (Watson et al., 2005; Herrero et al., 2010; Küstermann et al., 2010; 
Groot et al., 2012). Gaseous emissions and losses to soil and water can occur at 
various points in the N cycle, and increase when the total amount of N cycling in the 
system is enhanced by larger inputs (Rufino et al., 2009). Therefore, many 
environmental policies have focused on reduction of inputs to decrease the amount 
of N cycling in the farming system (Groot et al., 2003a; Groot et al., 2006). When 
artificial N inputs are diminished, or even completely abandoned as in organic 
farming systems, the dependence on natural sources of N increases. Then 
management should focus more on incorporation of legumes like clovers to fix 
atmospheric dinitrogen (N2), cropping and animal housing systems that optimize 
crop residue and manure utilization, and on slow processes of build-up of organic 
matter (OM) and N stocks in soils (Watson et al., 2002). The interactions among 
these biological processes are complex and prone to environmental variability, and 
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as a consequence farmers often struggle to develop a coherent new management 
strategy at lower input levels (Groot et al., 2006). 
At a given level of N cycling, N use efficiency can be increased through 
mitigation practices. Many policies and practices have been developed to reduce 
losses from manure management chains for slurry and solid cattle manure (SCM). In 
the Netherlands, farms with cubicle housing of livestock that produce slurry are 
obliged to use covered slurry storage facilities and should apply the slurry into the 
soil to reduce exposure to air and concomitant losses (Henkens and Van Keulen, 
2001). In contrast, when animals are housed in deep litter or sloping floor barns, a 
mixture of faeces, urine and bedding material (mostly wheat straw) is produced. For 
such straw-based systems, Shah et al. (in review, a and b) showed that application of 
bedding additives like zeolite, farm topsoil and lava meal inside the barn have 
potential to reduce N losses and enhance N utilization by crops. In another study, 
Shah et al. (2012b) reported that anaerobic storage of solid manure followed by 10 
mm of irrigation immediately after its application diminished ammonia (NH3) 
emission rate by 92% while herbage apparent N recovery increased by 33% as 
compared to non-irrigated manure. 
However, identification of appropriate measures to apply on farms in order 
to reduce losses is complicated because reduction of losses at one point in the N 
cycle by a mitigating practice are often compensated by higher losses at other points 
in the cycle (Rotz, 2004; Amon et al., 2006). Moreover, the consequences of 
adjustments to farming practices in the long term should be evaluated. To avoid 
compensatory loss pathways and negative impacts in the long run, a systems-
oriented analysis of the whole farm and the N cycle is needed to construct a coherent 
long term strategy of mitigation of losses (Rotz et al., 2005; Rotz et al., 2006). 
Simulation models can support the evaluation of measures and the development of 
effective strategies (see Gouttenoire et al., 2011 for a review of models of livestock 
systems). Here, we employ an extended version of the Farm DANCES eco-
mathematical model (Groot et al., 2003b; Reijs et al., 2007) to evaluate and compare 
the long term productive, environmental and economic performance of dairy 
systems utilizing different manure types and loss mitigation practices. The model 
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simulates the dynamics of organic carbon (C) and N and of inorganic N available for 
plant uptake on grassland-based dairy farms. It quantifies mineralization and 
immobilization, NH3 volatilization and combined soil N losses (through runoff, 
leaching and denitrification). Farm management decisions on grassland 
management, the type of manures produced, adjustment of storage methods, and use 
of low-emission techniques influence these processes at various points of N cycle. 
The objectives of the current study were (i) to explore long term effects of 
adapting NH3 mitigation practices such as use of manure bedding additives, 
contrasting manure storage methods and irrigation after application of covered 
manure, on the time course of soil organic C and N contents, soil N mineralization, 
farm productivity and economics, (ii) to compare effects of strategic adjustments of 
SCM and slurry-based systems on farm performance, and (iii) to define a coherent 
strategy combining effective practices, to mitigate losses and to improve farm 
productive, environmental and economic performance. 
 
5.2 Model description 
The model simulates the dynamics of three state variables that quantify the amount 
of organic carbon (c) and nitrogen (s), and the integrated amount of inorganic 
nitrogen that is available for plant uptake throughout the year (n). The state variables 
and the aggregate flows of N and C on the farm are presented in Fig. 5.1. Hence, the 
differential equations of the model are: 
 
                                                                                             (5.1) 
                                                                                             (5.2) 
                                                                                             (5.3) 
 
dn
dt
= I n + Mn − En −Us
ds
dt
= I s +Us − Ps − Mn
dc
dt
= I c +Uc − Pc − Rc
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Fig. 5.1 State variables of the model: organic carbon and nitrogen (c and s), and 
available inorganic nitrogen (n). The arrows indicate flows between the pools. 
 
Where 
In = inputs of inorganic nitrogen from fertilizers, deposition and fixation (kg ha–1 
year–1) 
Mn = mineralization of organic nitrogen (kg ha–1 year–1) 
En = losses of inorganic nitrogen through NH3 volatilization and soil N losses by 
leaching, runoff and denitrification (kg ha–1 year–1) 
Us = net uptake of inorganic nitrogen into organic material by plants, corrected for 
mineralization from decay of plant biomass, manure and animal digestion 
(kg ha–1 year–1) 
Is = inputs of organic nitrogen in feeds (kg ha–1 year–1) 
Ps = export of organic nitrogen in crops, manure and animal products (kg ha–1 
year–1) 
Ic = inputs of organic carbon in feeds (kg ha–1 year–1) 
Uc = net uptake of organic carbon into organic material by plants, corrected for 
respiration from decay of manure and animal digestion (kg ha–1 year–1) 
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Pc = export of organic carbon in crops, manure and animal products (kg ha–1 year–1) 
Rc = respiration of organic carbon through decay by soil biota (kg ha–1 year–1) 
 
The model is target-oriented, based on a production level of milk and meat 
that is defined by the size and productivity of the herd (see Table S5.1 in Supporting 
Material for parameter values). Energy and protein requirements were calculated on 
the basis of the Dutch feed evaluation systems (Van Es, 1975; Tamminga et al., 
1994). The animals are fed with on-farm produced grass and feed crop products (in 
this case silage maize), and supplementary feed is imported when the amount of 
feeds produced on the farm is insufficient to cover the energy and protein 
requirements of the herd. If there is a surplus of on-farm produced feed crop export 
occurs. 
Grassland production is described by the response of N uptake (U) to 
available inorganic nitrogen (n), and the relation between U and biomass yield (Y) 
(Fig. 5.2). These relations are defined by adjusted expo-linear equations (Goudriaan 
and Monteith, 1990; Groot et al., 2003b). N is taken up in harvestable and 
unharvested biomass, because farm animals can only harvest part of the total amount 
of plant biomass produced, the remainder staying behind in the field as organic 
material. Therefore, we distinguished total and harvested amounts of N uptake (UT 
and UH) and total and harvested biomass (YT and YH), which resulted in four 
equations. Equation (5.4) shows the general form of the expo-linear equation. 
 
                                                                               (5.4) 
 
Where 
y = the dependent variable, representing UT, YT, UH or YH (kg ha–1 year–1) 
x = the independent variable, representing n, UT, or UH (kg ha–1 year–1) 
yMAX = maximum value of y, representing UMAX,T, YMAX,T, UMAX,H or YMAX,H (kg ha–1 
year–1) 
ρ = initial response of y to x, representing ρU,T , ρY,T, ρU,H and ρY,H (kg kg–1 ha–1 year–1) 
y = yMAX −
ρ
λ ln 1+ e
−λ (x−ymax /ρ )( )
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λ = the decline of the response of y to x (kg–1) 
 
 
Fig. 5.2 Relation between available inorganic N (n), uptake by the grassland (U) and 
biomass production (Y) for total (solid line) and harvested (dashed line) biomass. 
The dotted line indicates the annual withdrawal of inorganic N, N soil losses are 
calculated as the difference between this line and N uptake in total biomass in a. 
 
The initial response of N uptake to available inorganic N and of biomass 
production to N uptake is linear, with an initial slope ρ. This initial slope declines 
with a rate depending on λ until the maximum yMAX is reached. The ratio between 
UMAX,H and UMAX,T is denoted hN: the fraction of harvested N in biomass. Maximum 
dry matter yield is calculated as YMAX=YMAX/αMAX, where αMAX is the maximum N 
content of grass. The initial response of both total and harvested plant biomass yield 
to N uptake is calculated from the minimum N content in herbage: ρY=1/αMIN, with 
αMIN as the minimum N content of grass. The grassland production curves were 
calibrated for mixed use by mowing and grazing. For silage maize a yield level 
YMAIZE is defined. The parameters for maize production and the grassland 
production curves can be found in Table S5.2 (Supporting Material). 
The harvested biomass is fed to animals and can be partly exported in case 
of a feed surplus. The feed is partly digested by the animals (kD, year–1) and the 
undigested fraction enters the manure, where it is subjected to further degradation 
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(kM, year–1) during storage before application to the field. Manure degradability is 
dependent on the feed quality, therefore the kM is proportional to kD using constant 
gM, so that kM=kD•gM. The parameters regarding feed quality are in Table S5.3 
(Supporting Material). 
Soil processes include degradation and additions of OM, and soil N losses. 
Mineralization results in a decline of the organic carbon pool s, with a fractional rate 
kS (year–1). Moreover, a fraction of the unharvested biomass is degraded in the year 
of production (kB, year–1). The organic carbon in manure and unharvested biomass 
that remains undegraded after the year or production is added to s. A proportion of 
available inorganic N is lost by uptake into biomass and emission through NH3 
volatilization, leaching, denitrification and runoff, resulting in a relative rate of 
withdrawal of inorganic nitrogen (kW, year–1). N soil losses are calculated as the 
difference between plant uptake and total withdrawal (Fig. 5.2). The withdrawal 
fraction is assumed to be 95% of the available inorganic nitrogen n (Groot et al., 
2003b), which is applicable on well-drained soils in temperate regions where winter 
precipitation exceeds evapotranspiration resulting in complete loss of nitrate N 
(Scholefield et al., 1991). Only small residues of inorganic nitrogen in NH4+ persist 
in winter when not subject to nitrification (Whitehead, 1995). Parameters of soil 
processes are presented in Table S5.4 (Supporting Material). 
Nitrogen in animal excreta is present in organic and inorganic forms. An 
overview of the processes and conversions of N in manure is presented in Fig. 5.3. 
The calculations are largely based on calculation procedures presented by Dämmgen 
and Hutchings (2008); we followed the same steps in the calculations but adjusted 
the calculation of mineralization of manure organic N (see below). Part of the 
inorganic N can be adsorbed to straw and manure additives. The inorganic N is 
prone to emission by NH3 volatilization after excretion in the barn (fE, g g–1), during 
storage (fS, g g–1) and after application to the field (fA, g g–1). The loss fractions fE, fS 
and fA are dependent on the barn and storage conditions, and the method of manure 
application and extra emission mitigating measures after application such as 
irrigation or application during rainfall. The values of manure parameters as used in 
the model are presented in Table S5.5 (Supporting Material). 
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Fig. 5.3 Conversions and losses of organic and inorganic nitrogen (s and n) in 
excreted cattle manure as affected by events and processes in the consecutive stages 
of the manure handling chain on a farm. The arrows indicate flows of nitrogen 
between the pools. 
 
To estimate the mineralization or immobilization of N due to degradation 
of OM by microorganisms we use the following equation: 
 
                                                                                                 (5.5) 
 
Where 
M = net mineralization (kg year–1) 
k = fractional degradation rate of the substrate (year–1) 
CS = amount of carbon in the substrate (kg C) 
ε = growth efficiency of the microorganisms (kg kg–1) 
M = k ⋅CS
1−ε
1
qS
−
ε
qM






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qS = C/N ratio of the substrate (kg C kg–1 N) 
qM = C/N ratio of the microorganisms (kg C kg–1 N) 
 
Microorganisms break down the OM with apparent fractional degradation 
rate k. However, because microorganisms grow due to this degradation process with 
growth efficiency ε, this results in an addition to the OM, so the observed 
degradation rate should be corrected for their growth efficiency, and the true 
degradation rate is CS•k/(1–ε). The degradation of the OM is associated with release 
of N, determined by the C/N ratio of the substrate (qS). The micro-organisms will 
incorporate part or all of this N, dependent on their C/N ratio (qM). When the C/N 
ratio of the substrate is high, the release of N from OM is lower than the 
incorporation into microbial biomass, and as a consequence mineral N from the soil 
solution may be incorporated. This results in negative values for N release in the 
equation above, indicating net immobilization. Mineralization occurs when the C/N 
ratio of the substrate is lower than qS/ε. 
The gross margin (revenues minus variable costs) was used as indicator for 
the economic performance of the farm. Gross margin is considered the most 
appropriate economic indicator in a fixed milk quota system (Rougoor et al., 1997) 
and is more sensitive to changes in farm management than total farm results, which 
also include fixed costs (Ondersteijn et al., 2003). The revenues included returns 
from milk, meat and crop sales and other sources, and the variable costs were made 
for purchases of feeds and bedding material, veterinary care, breeding association 
and miscellaneous costs (Table S5.6 in Supporting Material). 
 
5.3 Case study farm and scenarios 
We defined a typical grassland-based organic dairy farm on a sandy soil in the 
province of Gelderland, The Netherlands. The farm area is 66 ha, of which 60 ha is 
grassland and 6 ha is used for cultivation of silage maize. The herd consists of 85 
Holstein Frisian cows with a replacement rate of 25%. The herd is housed in a 
sloping floor barn, wherein a mixture of faeces, urine and bedding material (mostly 
wheat straw; SCM) is produced. The SCM is removed regularly from the barn and is 
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stockpiled for storage. The animals graze during a period of 200 days per year (from 
mid-April until the end of October) in a day-and-night grazing system wherein the 
cows spend 20 hours per day outdoors. The mown grass is conserved as silage and 
fed to cows indoors during the 165 days winter season. 
We developed scenarios to evaluate the effects of changes in parameters due to 
adjustment in individual farm management practices regarding grassland and 
manure management, and a more integrated strategy combining various effective 
measures. With these scenarios we evaluated long term productive, environmental 
and economic farm performance as affected by: 
- Different animal housing systems that produce either SCM (faeces and urine 
mixed with wheat straw) from the sloping floor barn that is standard for the 
farm (scenario M), or slurry (mixed faeces and urine) from a cubicle housing 
system (scenario S). The latter results in lower fractional loss rates during 
storage and after application (fS and fA) and higher yield of silage maize 
(YMAIZE). 
- Delayed mowing of grass (scenarios DS and DM) resulting in harvesting of 
more mature grass with lower feed quality (kD,GRASS) and N content (lower 
αMIN,H, αMAX,H and αMAX,T) (Groot and Neuteboom, 1997; Groot et al., 2003a; 
Groot and Lantinga, 2004). Due to the proportionality between feed quality and 
manure degradability, also kM will decline in these scenarios. 
- The use of the additives zeolite, lava meal and farm topsoil that are applied on 
SCM bedding inside the barn (scenarios MZ, ML and MT). The impacts of 
these additives on N losses after excretion in the barn, during storage and after 
application to the field and on N uptake and dry matter yield of grass and silage 
maize (at physiological maturity) have been quantified by Shah et al. (in review, 
a and b). Emission factors fE, fS and fA, grassland production (Fig. 5.2) and 
maize yields (YMAIZE) were derived from these experimental results. Costs for 
additives were included in the price of bedding material. 
- Alternative SCM storage systems of composting, roofing or covering by an 
impermeable sheet (scenarios MC, MR and MU). Shah et al. (in review, c) 
quantified the consequences of these measures for emissions during storage (fS). 
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- Combining covering of the manure by an impermeable sheet (anaerobic storage) 
with 10 mm irrigation immediately after manure application to the field 
(scenario MUI). These combined measures affect NH3 volatilization after 
application (fA), and N recovery by the grassland (Fig. 5.2) as analysed 
experimentally by Shah et al. (2012b). 
- A combination of measures of SCM handling that appeared most promising for 
productive, environmental and economic indicators from the previously 
described scenarios. This integrated strategy contained practices of delayed 
mowing, zeolite additive, covering with an impermeable sheet and irrigation 
after application (scenario DMZUI).  
A complete overview of the parameters settings for all scenarios is provided in 
Table S5.7 of the Supporting Material. For the starting conditions for all scenarios 
we assumed the current situation on the farm, which has been under the management 
described above that is comparable to scenario M for almost 20 years, hence there is 
still build-up of soil organic matter and a steady state has not been reached. The long 
term dynamics of the state variables s, c and n were evaluated for each of the 
scenarios for simulation duration of 200 years assuming constant farm management. 
Moreover, the productivity of the farm under the different scenarios was determined 
with the feed self-supply rate, which at the target level of animal outputs reflects the 
production of on-farm feeds (grass and silage maize). The farm gate N balance 
(inputs minus outputs in products) reflects the total farm N losses and was used as 
an indicator for environmental performance. The gross margin was the indicator of 
economic performance for each scenario. 
 
5.4 Results 
5.4.1 Slurry and SCM-based systems  
The slurry and SCM-based systems without mitigation measures in scenarios M and 
S contrasted strongly in C and N dynamics (Figs. 5.4a-5.4e). Initially the slurry-
based system resulted in a larger amount of available inorganic N than the SCM-
based system (Fig. 5.4c), which could support larger grassland productivity. 
However, the slurry-based system resulted in slightly declining soil organic C and N 
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pools, whereas for the SCM system these pools gradually increased (Figs. 5.4a and 
b) due to the straw inputs for bedding. As a consequence, after 75 years of simulated 
management, the inorganic N availability was larger for the SCM system than for 
the slurry system (Fig. 5.4c), due to increased mineralization of the large organic N 
pool. This resulted in increased grassland production and a higher feed self-supply 
rate for the SCM-based system (Table 5.1). NH3 emissions were higher from the 
SCM system (Fig. 5.4d). N soil losses were strongly linked to available inorganic N, 
therefore these soil losses from SCM system were initially lower than from the 
slurry-based system, but were larger than for the slurry system after 75 years (Fig. 
5.4e). Thus, in the equilibrium situation total N losses (NH3 volatilization and N soil 
losses) were higher from the SCM-based system than from the slurry-based system 
(62 vs. 55 kg N ha–1 year–1). 
 
5.4.2 Effects of delayed mowing  
Later mowing of grass results in the on-farm production of more grassland biomass 
with a lower N content in scenarios DM and DS. This led to reductions of NH3 
volatilization of ca. 4.5 kg N ha–1 year–1 (Fig. 5.4d), while N soil losses also declined 
slightly (Fig. 5.4e). In the long term the simulated accumulation of soil organic C 
and N was larger when more mature grass of lower degradability was fed, both in 
slurry and SCM-based systems (Figs. 5.4a and b). 
 
5.4.3 Effects of storage measures and irrigation  
The storage treatments for SCM-based systems of roofing (scenario MR) or sealing 
with an impermeable sheet (MU) of the manure helped to reduce NH3 volatilization 
losses, although the reductions of losses during storage were largely compensated by 
extra emissions after application, in particular for the sealing treatment (Fig. 5.4i). 
The treatments had no effects on soil organic C and N dynamics (Figs. 5.4f and g), 
feed self-supply, whole farm N-efficiency and gross margin (Table 5.1). However, 
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Fig. 5.4 Dynamics of soil organic carbon (a, f, k) and nitrogen (b, g, l), inorganic 
nitrogen (c, h, m), N (NH3) volatilization (d, i, n) and N soil losses (e, j, o) as 
affected by individual or combined management practices. Management scenarios 
were varied across columns: manure types (a-e), storage methods (f-j), and manure 
additives (k-o). Legends apply per column, with manure types (S=slurry, M=solid 
cattle manure), manure additives (T=farm topsoil, Z=zeolite, L=lava meal), storage 
methods (C=composting, R=roofed storage, U=impermeable sheet), I=irrigation, 
D=delayed mowing.  
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when sealing was combined with irrigation in scenario MUI, the application losses 
were avoided, and NH3 volatilization could be reduced to only 6 kg N ha–1 year–1. 
As a compensation loss for lower volatilization, the combined treatment of sealing 
and irrigation caused higher N soil losses (Fig. 5.4j).  
Nevertheless, the inorganic N availability was larger due to sealing and 
irrigation (Fig. 5.4h), resulting in better grassland production so that the productive, 
environmental and economic indicators of feed self-supply rate, farm N-efficiency 
and gross margin of scenario MUI were better than untreated SCM or only storage 
measures (Table 5.1). 
 
Table 5.1 Effects of different manure types (slurry and solid cattle manure, SCM) 
and manure management practices on indicators of productive, environmental and 
economic farm performances. 
 
5.4.4 Effects of bedding additives   
The addition of farm topsoil, zeolite or lava meal to the manure bedding (scenarios 
MT, MZ and ML) resulted in reduced emission through volatilization, which was 
proportionally but only partly compensated by more N soil losses, so that inorganic 
N availability was higher (Figs. 5.4m-5.4o). These effects were strongest for the 
Scenario Feed self-supply 
(%) 
N-efficiency 
(%) 
Gross margin 
(€ ha–1) 
Slurry, no treatments (S) 69 56 3130 
SCM, no treatments (M) 74 52 2890 
Slurry, delayed mowing (DS) 73 58 3174 
SCM, delayed mowing (DM) 78 54 2940 
SCM, composted (MC) 76 54 2936 
SCM, roofed storage (MR) 75 53 2924 
SCM, impermeable cover (sealed) (MU) 75 53 2910 
SCM, sealed and irrigation (MUI) 82 61 3100 
SCM, farm topsoil (MT) 80 58 3054 
SCM, zeolite (MZ) 80 58 2960 
SCM, lava meal (ML) 79 57 2872 
SCM, combined treatments* (DMZUI) 85 63 3140 
 
* Delayed mowing, use of zeolite manure additive, storage under an impermeable cover (sealed), and 
irrigation after application. 
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zeolite additive. The three additives resulted in similar improvements of feed self-
supply rate, farm N-efficiency and gross margin when compared to the SCM-based 
system without treatments (Table 5.1). There were no differences among the 
additives on the long term soil C and N dynamics (Figs. 5.4k, 5.4l). 
 
5.4.5 Combined effects in a coherent strategy  
A strategy of emission mitigation was defined by combining the most successful 
practices for management of SCM: delayed mowing of grassland, using zeolite as 
bedding additive, storage under an impermeable sheet, and irrigation after 
application (scenario DMZUI). This strategy reduced NH3 volatilization with limited 
compensatory N soil losses, so that total losses were reduced to 40 kg N ha–1 year–1 
and inorganic N availability was enhanced (Figs. 5.4k-4o; Fig. 5.5). Also the long 
term increments in soil C and N were larger than for untreated SCM due to the lower 
degradability of mature grass after delayed mowing. Both the feed self-supply rate 
and the whole farm N efficiency were superior to all alternative systems, and the 
gross margin was comparable to that of the slurry-based systems (Table 5.1). 
 
5.6 Discussion 
SCM-based systems are often associated with larger N losses than slurry-based 
systems (Mosquera et al., 2006). Many of these losses seem to be avoidable in the 
short term through appropriate management practices for manure after excretion in 
the barn and during storage as observed in experiments. These practices could be 
evaluated in the model simulations for their impacts on N losses and soil C and N 
pools in the long term: 
- Delayed mowing results in a higher C/N ratio in the feed, and more organic C 
and less NH3 in the manure (Groot et al., 2006; Reijs et al., 2007). The high C/N 
ratio of the manure OM may cause immobilization of N upon application to 
soil, followed by a slow rate of mineralization (Kirchmann and Witter, 1989). 
Simulation results revealed that this practice contributes to increased soil OM 
build-up, but has no long term effects on N losses. 
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- The application of additives like zeolite, farm soil or lava meal to the bedding 
material results in increased NH4+ adsorption, which reduces NH3 volatilization 
(Mumpton and Fishman, 1977; Witter and Lopez-Real, 1988; Ndegwa et al., 
2008). The model outputs showed that this will result in some compensatory 
soil losses, but soil N availability will improve in a long run. Soil organic C and 
N pools were not affected when compared to SCM system without any 
treatment. 
- Covering manure heaps with an impermeable sheet creates a physical barrier 
that avoids exposure to air and prevents NH3 diffusion to the atmosphere 
(Kirchmann, 1985; Hansen et al., 2006; Shah et al., 2012a). This only affects 
the storage phase, but after application to the field the simulated volatilization 
losses were higher. 
- Moreover, covering results in anaerobic conditions that slow down OM 
degradation during storage (Kirchmann and Witter, 1989; Thomsen and Olesen, 
2000), but the labile OM will be rapidly degraded after application to the field. 
Thus no effects on soil organic C and N pools can be expected, as reflected in 
the simulation results. 
Thus, the simulations demonstrated that individual mitigation measures to 
reduce losses resulted in compensatory loss pathways. Moreover, in contrast to 
slurry, SCM cannot be injected in grasslands, while shallow injection of cattle slurry 
can reduce NH3 volatilization by up to 74% (Misselbrook et al., 2002; Hansen et al., 
2003). Conserving inorganic N in the manure during the housing and storage phases 
leads to higher concentrations in applied manure, and can result in increased 
emission rates during surface application. Consequently, for SCM additional 
measures like irrigation or application shortly before rainfall are needed after 
application to the field to enhance infiltration of total ammoniacal N into the soil 
(Shah et al., 2012b). Therefore, for effective mitigation of N losses at the farming 
systems level and in the long term, a strategy composed of a series of techniques 
would be needed to address the various potential outflows of N from the system. 
The model simulations for scenario DMZUI demonstrated that combined 
management practices of applying zeolite on the SCM bedding inside the barn, 
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anaerobic storage of this manure under impermeable plastic sheet, 10 mm of 
irrigation immediately after surface application of the manure on grassland and its 
delayed mowing is the most effective combination to increase soil C and N stocks 
and to reduce N losses. Such a strategy could result in lower losses, higher 
productivity and similar economic results as slurry-based systems. 
 
 
Fig. 5.5 Nitrogen flows (kg N ha-1 year-1) for a dairy farm in steady state with 
delayed mowing of grassland, producing SCM and using zeolite as bedding additive, 
manure storage under an impermeable sheet, and irrigation after application 
(scenario DMZUI in Fig. 5.4).  
 
A large advantage of SCM-based systems in the long term is the increased soil 
organic C and organic N contents (Figs. 5.4a and b) as compared to slurry-based 
systems due to larger inputs of OM. For SCM scenarios, annual rate of increase in 
soil OM was greatest in the early phases of the simulation and very low near the end 
as the soil approached an equilibrium state. This is in agreement with findings in a 
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long term simulation study (Foereid and Høgh-Jensen, 2004) and experimental data 
(Jackman, 1964; Johnston et al., 2009). Besides the contribution to C sequestration, 
increasing the OM content of soils is important for physical and biological soil 
properties and processes that support many ecosystem functions. OM contributes to 
the water holding capacity, cation exchange capacity and infiltration capacity of 
soils (Haynes and Naidu, 1998; Bronick and Lal, 2005). Moreover, there is in 
general a positive relationship between soil C content and soil microbial biomass 
(Dick, 1992), and any practice that increases the amount of soil OM improves its 
biological activity, e.g. Rashid et al. (in review). These biota activities can enhance 
mineralization of soil OM, and hence the supply of inorganic N for plant growth. 
In modelling we search for a balance between the level of detail, the precision 
required, the model’s flexibility and the data requirements (Brooks and Tobias, 
1996; Thornton and Herrero, 2001; Astrup et al., 2008). The Farm DANCES model 
used in this study can be characterized as an eco-mathematical summary model that 
quantifies the dynamics of organic N and C, and inorganic N, as an instrument to 
evaluate management strategies. By combining all the relevant processes in the farm 
N cycle, the model allows to assess interactions among these processes and to 
identify emergent system properties such as compensatory loss pathways. It offers a 
quantitative framework for evaluating both short term and long term effects of 
management interventions aimed at improving nutrient use efficiency (Van 
Apeldoorn et al., 2011). This framework supports formulation of scenarios 
describing future developments, rather than exact prediction (cf. Carpenter, 2002). 
We are not aware of any empirical data that would enable validation of the whole 
farm model over a substantial period of time of 25 years or more. Therefore, model 
validity must be inferred from validity of its components and the plausibility of its 
results. The model constitutes a complement to studies that emphasize short term 
optimization of performance of farm system components, such as emission from 
barns or N leaching at given soil management, and studies that focus on empirical 
relations between production factors, such as fertilizer and outputs (Groot et al., 
2003b). 
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From a model user’s perspective, the focus of the Farm DANCES model is on 
quantifying interactions among farm components and biological processes and to 
provide insight into these interactions to its users, which are currently predominantly 
researchers and students. The model builds on existing knowledge of biological 
processes, is data-sparse, can be parameterized with experimental data, and the 
graphical user interface of the model is intuitive and easy to use. There is scope to 
improve the model by adding flexibility to the scenarios over time, by including the 
impact of varying environmental conditions (e.g. temperature and moisture 
dependence of degradation processes), by further specification of N soil loss 
pathways and greenhouse gas emissions (e.g. Schils et al., 2005), and by 
compartmentalizing soil organic matter pools with distinctive degradation dynamics 
(e.g. Tipping et al., 2012). However, these extensions would sacrifice the 
insightfulness, whereas various modelling studies have demonstrated that relatively 
simple dynamic models that are based on the correct process representation and data 
can be extremely accurate and useful (e.g., for soil processes: Grace et al., 2006; 
Saffih-Hdadi and Mary, 2008; Kemanian and Stöckle, 2010, for plant growth: Van 
der Werf et al., 2007; Romera et al., 2010, review for livestock systems: Gouttenoire 
et al., 2011). 
 
5.7 Conclusions 
The simulation results demonstrated that individual emission mitigation measures 
were often insufficient to reduce N losses at the farming systems level. Practices that 
reduced NH3 emissions from animal excreta in the barn or during storage resulted in 
larger losses after application of manure to the field, through either volatilization of 
NH3 or soil losses, i.e. the aggregated flows of runoff, leaching and denitrification. 
The integrated strategy combining the most effective practices resulted in build-up 
of soil organic C and N pools, sufficient nutrient availability for plants and low 
emission rates. This strategy of combined grassland and manure management 
practices included delayed mowing of grass and fertilization with SCM that is 
treated with zeolite, stored under an impermeable sheet and irrigated after 
application. This strategy can reduce losses to the environment, improve soil 
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properties by larger organic C and N stocks, and increase availability of N for plants 
uptake, grassland productivity, enhance the feed self-supply. We conclude that 
SCM-based systems employing a coherent strategy of manure utilization practices 
can contribute to improved productive, environmental and economic performance of 
dairy farming systems. 
Supporting material 
Table S5.1 Animal parameters.  
 Table S5.2 Crop parameters.  
 Table S5.3 Feed parameters.  
 
Parameter Value Unit 
5.1.1 Number of milk cows 85 - 
5.1.2 Replacement rate 25 % year–1 
5.1.3 Weight of adult cow 650 kg 
5.1.4 Carcass percentage 55 % 
5.1.5 Milk production 22 kg day–1 
5.1.6 Milk protein content 3.8 % 
5.1.7 Milk fat content 4.8 % 
5.1.8 Proportion of the year spent grazing 45 % 
 
Parameter Value Unit 
Silage maize (6 ha):   
5.2.1 Dry matter (DM) yield (YMAIZE) 14241 kg DM ha–1 
5.2.2 Residue yield ratio 0.15 kg kg–1 
Grassland (60 ha):   
5.2.3 Symbiotic N fixation 40 kg N ha–1 
5.2.4 Intercept for nitrogen uptake 70 kg N ha–1 
5.2.5 Maximum nitrogen uptake in harvestable biomass (UMAX) 430 kg N ha–1 
5.2.6 Initial response of uptake in harvestable biomass to available N (ρH) 0.75 kg kg–1 
5.2.7 Minimum nitrogen content in harvestable biomass (αMIN,H) 18 g N kg–1 DM 
5.2.8 Maximum nitrogen content in harvestable biomass (αMAX,H) 32 g N kg–1 DM 
5.2.9 Decline in response to available N (λ) 0.015 kg kg–1 
5.2.10 Harvested N as a proportion of total N uptake (hN) 0.76 kg kg–1 
5.2.11 Initial response of uptake in total biomass to available N (ρT) 0.75 kg kg–1 
5.2.12 Minimum nitrogen content in total biomass (αMIN,T) 10 g N kg–1 DM 
5.2.13 Maximum nitrogen content in total biomass (αMAX,T) 25 g N kg–1 DM 
 
Parameter Value Unit 
Silage maize:   
5.3.1 Dry matter digestibility (kD,MAIZE) 800 g kg–1 
5.3.2 Feeding losses 50 g kg–1 
5.3.3 Nitrogen content 12 g N kg–1 DM 
Grass:   
5.3.4 Dry matter digestibility (kD,GRASS) 830 g kg–1 
5.3.5 Feeding losses 100 g kg–1 
Supplement:   
5.3.6 Dry matter digestibility (kD,SUPPL) 750 g kg–1 
5.3.7 Feeding losses 50 g kg–1 
5.3.8 Nitrogen content 20 g N kg–1 DM 
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Table S5.4 Soil parameters. 
 
Table S5.5 Manure parameters.  
 
Table S5.6 Economic parameters. 
 Table S5.7 Scenario parameters: adjusted parameters per scenario compared to the standard SCM 
(M). 
 
Parameter Value Unit 
5.4.1 Depth 30 cm 
5.4.2 Bulk density 1.45 g cm–3 
5.4.3 Initial organic matter content 30 g kg–1 
5.4.4 Initial total nitrogen content 2 g kg–1 
5.4.5 Fractional withdrawal rate of inorganic nitrogen (kW) 0.95 year–1 
5.4.6 Fractional degradation rate of unharvested biomass (kB) 0.80 year–1 
5.4.7 Fractional degradation rate of soil organic matter (kS) 0.02 year–1 
5.4.8 Microbial efficiency (ε) 0.30 kg kg–1 
5.4.9 C:N ratio of microorganisms (qM) 11.3 kg C kg–1 N 
 
Parameter Value Unit 
5.5.1 Fractional emission rate of inorganic N after excretion (fE) 0.16 g g–1 
5.5.2 Fractional emission rate of inorganic N during storage (fS) 0.35 g g–1 
5.5.3 Fractional emission rate of inorganic N after application (fA) 0.40 g kg–1 
5.5.4 Supply of wheat straw for bedding (SBED) 5 kg LU–1 
5.5.5 Maximum absorption of inorganic N by bedding (ABED) 15.0 g N kg–1 DM 
5.5.6 Carbon content of wheat straw 448 g C kg–1 DM 
5.5.7 Nitrogen content of wheat straw 5.5 g N kg–1 DM 
5.5.8 Proportionality constant of manure degradability and feed digestibility (gM) 0.5 - 
 
Parameter Value Unit 
5.6.1 Milk price 0.39 € kg–1 
5.6.2 Meat price 1.00 € g–1 
5.6.3 Grass price for exported herbage 0.08 € kg–1 DM 
5.6.4 Other returns for the farm 0 € 
5.6.5 Price of supplementary feeds 0.22 € kg–1 DM 
5.6.6 Price of bedding material 0.12 € kg–1 DM 
5.6.7 Costs for breeding 60.4 € cow–1 
5.6.8 Costs for veterinary care 0.45 € 100 kg–1 milk cow–1 
5.6.9 Other animal costs 35.5 € cow–1 
5.6.10 Costs for silage maize cultivation 1261 € ha–1 
 
Parameter S DS DM MC MR MU MUI MT MZ ML DMZUI 
5.2.1 YMAIZE 15000 15000  14612 14681 15275 15275 14857 14536 15275 15275 
5.2.7 αMIN,H  15 15        15 
5.2.8 αMAX,H  28 28        28 
5.2.13 αMAX,T  23 23        23 
5.3.4 kD,GRASS  750 750        750 
5.5.1 fE        0.08 0.04 0.06 0.04 
5.5.2 fS 0.15 0.15  0.33 0.12 0.00 0.00 0.21 0.18 0.21 0.00 
5.5.3 fA 0.13 0.13  0.30  0.50 0.04 0.10 0.10 0.17 0.04 
5.5.4 SBED 0 0          
5.5.5 ABED        15.1 16.3 15.3 16.3 
S = slurry; DS = slurry, delayed mowing; DM = SCM, delayed mowing; MC = SCM, composted; MR = SCM, roofed storage; MU = SCM, covered 
with impermeable sheet; MUI = SCM, covered with impermeable sheet and irrigated; MT = SCM, farm top soil added to bedding; MZ = SCM, zeolite 
added to bedding; ML = SCM, lava meal added to bedding; DMZUI = SCM, delayed mowing, zeolite added to bedding, covered with impermeable 
sheet and irrigated 
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6.1 Introduction 
During the last decades the number of livestock has increased more than human 
population which reflects the increase in animal protein consumption per capita. 
However, livestock production systems transform only a relatively small portion of 
feed nitrogen (N) (5-45%) into valuable animal protein for human consumption 
while most of it is excreted (55-95%) as urine and faeces (manure) (Oenema, 2006). 
Among livestock, cattle are the main producer of manure due to their large number 
and relatively high daily excretion rates (Sheldrick et al., 2003). On-farm 
management of manure is critical regarding its value as organic fertilizer as well as 
its potential damage to the components of terrestrial and aquatic ecosystems. This 
latter refers to atmospheric N (ammonia (NH3) and nitrous oxide (N2O)), and carbon 
(C) (carbon dioxide (CO2) and methane (CH4)) emissions, and nutrient losses (e.g. 
phosphorus and N) to aquifers and surface waters through leaching and runoff. In 
the developing world, cattle manure is mainly handled as a solid mixture of faeces, 
urine, bedding materials and spoiled feed. It is regularly scraped from the earth or 
concrete floors of the barns and composted before application to the field (Brandjes 
et al., 1996). In North America and Western Europe, most of the cattle manure is 
currently being handled as slurry, which is a mixture of urine, faeces and spoiled 
water collected from cubicle barns (Petersen et al., 2007). However, the proportion 
of solid cattle manure (SCM) is increasing due to the renewed interest in straw based 
housing systems for better animal health (less leg and claw injuries) and welfare 
(more comfort) (Rushen et al., 2007). In a comparative study in Denmark, Hutchings 
et al. (2001) concluded that model predicted total NH3 emissions from the SCM-
based management chain (deep litter barn, open storage and field application) were 
in the order of two times higher than from manure handled as slurry (35 vs. 18% of 
total N excreted, respectively). Improvement is possible by applying effective loss 
mitigation strategies in the SCM management chain, i.e. animal housing – manure 
storage – manure application. 
To date, only limited attempts have been made to reduce N losses through 
the SCM-based chain since the main focus was on slurry-based housing systems 
during the last decades. Of the few attempts so far, nearly all focused on only the 
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first one or two phases of the chain while their subsequent effects on N utilization by 
crops after field application have only been scarcely studied. Therefore, a search for 
effective management strategies to reduce N losses throughout the whole SCM 
chain by improving the on-farm N cycling in the longer term were the driving force 
for this thesis. 
 
6.2 Main findings of the thesis 
The main results of this thesis can be summarized as follows: 
 Application of the bedding additives zeolite, farm topsoil and lava meal 
inside the barn reduced ammonia (NH3) emission rates between 83 to 87% 
during animal housing, 84 to 88% during manure storage and 58 to 75% 
after manure application to grassland as compared to control (untreated 
SCM) (Table 6.1; Chapters 2 and 3). Besides, herbage ANR (total of 3 
cuts) was increased by more than twofold (up to a mean ANR value of 
28%) through the use of additives. Maize ANR (at start of grain filling) was 
increased with a factor 3 to 4 (up to a mean ANR value of 44%) due to their 
use (Table 6.1; Chapter 3). 
 
Table 6.1 Reduction in NH3 emission from each phase of manure management 
chain and apparent crop N recovery by grassland herbage and arable maize as 
affected through the use of bedding additives. 
 
† Total of 3 cuts 
‡ At the start of grain filling 
 
 
Treatment Animal housing Manure storage Manure application 
  Crop apparent N recovery 
 (Reduction in NH3 emission compared to control) (% of total applied N) 
   (%)  Herbage† Maize‡ 
Control - - - 11 11 
Zeolite   87   88   74 26 44 
Farm topsoil   84   84   75 25 30 
Lava meal   83   88   58 28 30 
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 Traditional stockpiling and composting of SCM resulted in storage losses 
of 21 and 33% of the initial total N, respectively. In contrast, tight covering 
of the SCM heaps with impermeable plastic sheet (anaerobic storage) and 
stockpiling of SCM under a roof reduced these losses down to 6 and 12%, 
respectively (Chapter 4). Of the total N lost during animal housing (Chapter 
2) and manure storage (Chapters 3 and 4), up to 16 and 32% were traced 
back as NH3-N, nitrous oxide-N (N2O-N) and N leaching (if occurred), 
respectively. Most of the remainder was in all probability lost as harmless 
dinitrogen (N2) which is difficult to measure because atmospheric N2 gas 
makes up approximately 78% of the air by volume. 
 After incorporation in arable land, anaerobically stored SCM led to a much 
higher maize ANR as established at the start of grain filling in comparison 
with the other three storage treatments, i.e. stockpiling, roofing and 
composting (39 vs. on average 27% of the applied N)  (Chapter 4). Maize 
ANR appeared to be highest at this growth stage (on average 35% for the 
three bedding additives and 39% for the anaerobic storage treatment), but 
much lower values were obtained at physiological maturity (on average 
13% for the bedding additives and 21% for anaerobic storage) (Chapters 3 
and 4). This was a consequence of plant N losses due to leaf senescence 
during the grain filling phase.  
 The simulation study of long term C and N dynamics in grassland-based 
dairy farming systems described in Chapter 5 revealed that initially the 
slurry-based system resulted in a larger amount of inorganic N than the 
SCM-based system, which could support higher grassland productivity. 
Later on, however, the slurry-based system resulted in slightly declining 
soil organic C and N pools, whereas for the SCM system these pools 
gradually increased due to the straw inputs. Consequently, after 75 years of 
simulated management the inorganic N availability for herbage uptake was 
larger for the SCM system than for the slurry system, due to increased 
mineralization of the larger organic N pool. This resulted in increased 
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grassland production and a higher feed self-supply rate for the SCM-based 
system as compared to the slurry-based system. 
 The simulation study also demonstrated that individually applied mitigation 
practices for nutrient losses often result in compensatory loss pathways 
(Chapter 5). For instance, methods that reduced NH3 emission from animal 
excreta in the barn, i.e. application of bedding additives, or during storage, 
i.e. tight covering the manure heap with impermeable plastic sheet 
(anaerobic storage), resulted in larger N losses after manure application to 
the field. An “integrated strategy” of combined grassland management 
practices of delayed mowing and fertilization with anaerobically stored 
SCM treated with zeolite inside the barn and irrigated immediately after 
application, resulted in build-up of soil organic C and organic N pools, 
increased feed self-sufficiency and reduced field N losses.  
 
6.3 Discussion 
6.3.1 Improving the agro-environmental value of SCM management chains 
6.3.1.1 Use of bedding additives 
Application of the bedding additives zeolite, farm topsoil and lava meal inside the 
barn improved the agro-environmental value of SCM by reducing N losses 
throughout the whole manure management chain and increased the crop N 
utilization. In this regard, all the additives proved to be equally effective. However, 
from a cost perspective view, farm topsoil is readily available and a relatively cheap 
resource. We estimated that the costs for reducing 1 kg of NH3-N losses through 
animal housing by using farm topsoil as bedding additive was only 10 € compared to 
79 € for zeolite and 131 € for lava meal. Costs associated with farm topsoil were 
costs for its digging, transportation and drying (Chapter 2). Moreover, application of 
farm soil inside the barn provided good air quality and cleanliness of the cattle. The 
dust content of the air was lower than by using the other two additives. As there 
exists a direct correlation between microbial loads on a cattle hide and the carcass 
surface (Newton et al., 1978), cleanliness is important for ensuring hygienic meat 
production.  
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The effectiveness of farm soil as manure additive to reduce N losses from 
the SCM management chain depends on characteristics like pH, cation exchange 
capacity (CEC), and clay and organic matter (OM) content. The soil used in our 
study was quite acidic (pH 4.9), which stimulates its capacity to reduce NH3 
emissions through binding of the non-volatile NH4+ ions. On the other hand, the soil 
was quite sandy (CEC of only 2 cmol kg-1), which could have reduced its capacity to 
abate NH3 and subsequently N2O emissions. However, with a daily application rate 
of 1.65 kg per LU the obtained reduction in NH3 emission was on average 84% 
(Chapter 2).  
As “too much of a good thing is bad”, application rates of clayey soils 
instead should be carefully selected because higher clay contents might lead to (i) 
NH4+-N fixation into the interlayer spaces of clay minerals (Nieder et al., 2011), (ii) 
entrapment of organic N compounds in soil aggregates which makes them 
inaccessible to microbes, and (iii) physical protection of the microbial biomass in 
the soil structure (Van Veen and Kuikman, 1990). It has been reported in earlier 
studies that net N mineralization rate of manure N is negatively correlated with the 
soil clay content (Castellanos and Pratt, 1981; Chescheir et al., 1986; Sørensen and 
Jensen, 1995a and b; Shah et al., 2012c). As a consequence, N uptake by the crop 
from manure after its application might be reduced. Nevertheless, further research is 
needed to establish the exact working principles and the most appropriate 
application rates of various soil types as bedding additives.   
 
6.3.1.2 Is only tight covering of SCM heaps sufficient to reduce the C and N 
losses? 
Tight covering of SCM heaps with an impermeable sheet (anaerobic storage) proved 
to be effective in reducing C and N losses during its storage. This could be ascribed 
to blockage of air circulation through the heaps which minimize aerial losses and 
creates near-anaerobic conditions (Kirchmann, 1985; Hansen et al., 2006). Further, 
the formation of nitrate and nitrite is restricted under anaerobic conditions and 
thereby also the occurrence of denitrification losses (Kirchmann, 1985). However, 
the conserved N during the anaerobic storage phase can lead to higher losses after its 
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application, if left unmanaged (Shah et al., 2013). Therefore, extra measures like: (i) 
manure incorporation into the soil, (ii) irrigation or rainfall soon after manure 
surface application, and (iii) mixing of additives just before application are required 
to reduce N losses and improve N uptake by the crop. During our study, 
anaerobically stored SCM was incorporated in arable land with maize as test crop. 
The incorporation into the soil restricted NH3-N and N2O-N emissions to < 1% and 
~1% of the total amount of applied inorganic N, respectively (Chapter 3). This was 
due to the presence of physical barriers for gaseous mass transport through the soil 
matrix (Webb et al., 2004). However, incorporation is only possible for arable land. 
For grassland, Shah et al. (2012b) recommended a combination of covered manure 
storage followed by irrigation immediately after its surface application. These 
measures, when incorporated together, proved to be very effective in reducing losses 
during SCM storage and subsequently after its field application. However, there is a 
need to explore the methods that might reduce losses in the long run throughout the 
whole SCM chain. To this end, I recommend using an “integrated strategy” of 
applying bedding additives already inside the barn like we did in our study, storing 
the collected manure from the barn under an impermeable plastic sheet (anaerobic 
storage), irrigation immediately after its surface application and delayed mowing of 
grassland. My expectations are described below. 
 
6.3.1.3 Long term effects of an integrated farm strategy on soil C and N 
dynamics 
It is well known that long term application of SCM increases soil organic C, 
biological (soil biota populations) and physical (soil structure and water holding 
capacity) properties due to increased inputs of OM (Ndayegamiye and Cote, 1989; 
Dick, 1992). Soil OM will enhance earthworm activity which in its turn will lead to 
the formation of burrows into the soil that will increase soil water infiltration and 
thereby reducing nutrient losses through surface runoff. However, the extent of these 
improvements depends on SCM handling within its management chain (Chapter 5). 
The simulation study presented in Chapter 5 demonstrated that an “integrated 
strategy” including delayed grass mowing and fertilization with SCM that was 
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treated with zeolite as bedding additive inside the barn and stored under an 
impermeable sheet (anaerobic storage) followed by irrigation after application was 
effective to (i) increase soil C stocks, (ii) increase feed self-sufficiency, and (iii) 
reduce NH3 volatilization and soil N losses (leaching and denitrification) (Chapter 
5). NH3 emission reductions of ~80% from each phase of the chain appeared to be 
possible in this way. The phenomena involved are (i) application of zeolite inside 
the barn conserves NH3 through NH4+ adsorption, (ii) anaerobic storage of the 
manure by covering with impermeable plastic sheet blocks air circulation and 
thereby creates a physical barrier which prevents N losses to the atmosphere, and 
(iii) irrigation immediately after or rainfall during manure application on grassland 
enhances infiltration of total ammoniacal N into (a) the inner side of the manure 
clumps where it might be safeguarded from exposure to the external temperature and 
wind, and (b) the soil where it can be protected against NH3 volatilization by 
sorption onto the soil colloids, and (iv) delayed mowing of grassland results in a 
higher C/N ratio in the feed, and more organic C and less NH3 in the manure (Groot 
et al., 2006; Reijs et al., 2007). Feeding cattle with this low N diet can improve their 
N use efficiency by decreasing N excretion. I expect that the adaptation of the above 
“integrated strategy” would add extra operational costs which could be less than 
recaptured in terms of better crop yields and consequently gross margins might 
increase. 
 
6.3.1.4 Where is the missing N? 
The N balance revealed that only between 5-16% of total N losses during animal 
housing (Chapter 2) and 1-32% of total N losses during manure storage (Chapter 3 
and 4) were traced back through NH3 and N2O emissions, and N leaching (if 
occurred). The remainder was unaccounted for (Fig. 6.1). The relatively low fraction 
of measured N losses during our study might be partly explained by errors in the 
emission assessments since the cumulative figures were derived from a number of 
measurements at discrete points rather than continuous measurements (Chadwick, 
2005; Moral et al., 2012). Besides, emissions due to animal trampling activities in 
the barn and during turning operations in the composted heap were not measured. 
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Nevertheless, by far the greater part of these unaccounted N losses could only have 
occurred in the form of harmless N2, which is the end-product of nitrification-
denitrification processes. In nitrification, ammonium (NH4+) is successively 
oxidized to hydroxylamine (NH2OH), nitrite (NO2-) and nitrate (NO3-). The process 
of nitrification is followed by partial or complete denitrification of NO3-. In 
heterotrophic denitrification, NO3- is reduced to N2 via NO2- in nitric oxide (NO) and 
N2O by denitrifying bacteria. In aerobic denitrification, oxidation of NH4+ via 
NH2OH to NO2- followed by reduction of NO2- via N2O to N2 occurs (Robertson and 
Kuenen, 1990). In nitrifier denitrification, nitrifying bacteria reduce NO2- via N2O to 
N2 (Wrage et al., 2001; Oenema et al., 2005). These nitrifying and denitrifying 
bacteria are in general expected to be the principle producers of N2O gas. However, 
as total N2O-N emission during housing as well as storage was only between < 1-4% 
of the total N losses (Chapters 2, 3 and 4), it was assumed that heterotrophic, aerobic 
and nitrifier denitrification processes played only a minor role. For this reason, other 
processes: methanotrophic denitrification, chemical denitrification, and anaerobic 
ammonium oxidation (Anammox) were more likely to be dominant (Fig. 6.2). In 
methanotrophic denitrification, nitrification-denitrification by methanotrophs which 
do not need oxygen has been acknowledged to produce N2 (Islas-Lima et al., 2004; 
Raghoebarsing et al., 2006; Modin et al., 2010). The environmental conditions 
inside the manure beddings/heaps are ideal for this process due to their 
heterogeneity resulting in simultaneous existence of NO3-/NO2- and CH4 at the 
interface of oxic and anoxic zones, respectively. Pel at al. (1997) reported 
substantial N2 losses (> 93% of total N losses) during poultry manure composting 
due to methanotrophic denitrification. During chemical denitrification, spontaneous 
conversion of NH4+ and NH2OH into N2 via hydrazine (N2H4) and diazene (N2H2) 
generally takes place at an alkaline pH (Fig. 6.2; Nikolic´ and Hultman, 2005). The 
anammox process occurs under anaerobic conditions by bacterial mediated 
combination of NH4+ and NO2- to form N2 (Fig. 6.2). Strous et al. (1999) reported 
that the suitable pH range for this process was between 7.0 and 8.5 and the optimum 
was 8.0 with the highest N2 production rates. Since in all the treatments the 
measured manure pH-CaCl2 was alkaline (Chapters 2, 3 and 4), this might have been 
General discussion 
139 
 
Fi
g.
 
6.
2 
D
en
itr
ifi
ca
tio
n
 
pa
th
w
ay
s 
fo
r 
th
e 
pr
o
du
ct
io
n
 
an
d 
em
iss
io
n
s 
o
f h
ar
m
le
ss
 
di
n
itr
o
ge
n
 
(N
2) 
ga
s.
 
Chapter 6 
140 
 
the case in our study. 
One could argue that the representativeness of the sampled SCM from the 
bedding areas/the manure heaps could have been a main possible error source for the 
high unaccounted N losses. Accurate sampling of solid manure from the bedding 
area is difficult as part of the urine percolates through the bedding layer and remains 
on the floor where it becomes difficult to collect. Besides, it is also hard to take 
representative samples from solid manure heaps due to their great heterogeneity. 
During our study, SCM was sampled manually from top to bottom of the bedding 
layer in the barn. Moreover, manure-effluent and trampled down SCM was collected 
using a hand scraper from the manure alley and stored inside the closed 
compartment (Chapters 2 and 3). This certainly would have reduced sampling 
errors. Moreover, there were only marginal differences in total N losses during 
storage calculated through the litterbags technique and the mass balance method 
(Chapter 4). This indicates that sampling errors could only have been small. 
 
6.3.2 Accuracy of NH3 measurement method 
Obtaining accurate measurements of NH3 emission rates from very open naturally 
ventilated cattle houses is difficult due to the resulting high ventilation rates and 
small concentration differences between indoor and outdoor, which give 
uncertainties in the estimation of the emission. Existing indirect air-flow 
measurement methods and protocols in these buildings such as tracer gas method, 
pressure difference method and methods based on CO2 and heat balances are 
uncertain, expensive and too elaborate in practice (Demmer et al., 2001; Scholtens et 
al., 2004; Zhang et al., 2005). Besides, the above methods provide NH3 emission 
rates of a building as a whole, therefore their use to determine emissions from 
different compartments of a building which are not air-separated from each other 
(e.g. various bedding areas, manure alleys, feeding areas) is limited (Blanes-Vidal et 
al., 2007).  
The barn used in our study was naturally ventilated and the barn units were 
not air-separated from each other, so ventilation fluxes per barn unit could not be 
determined. Due to this, a static flux chamber system with internal gas recirculation 
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composed of a flux chamber connected to a photoacoustic gas monitor (INNOVA 
1412A, Denmark) by two Teflon tubes (inner diameter, 3 mm) was used to measure 
gaseous emissions independently from the various treatments (Chapter 2). The 
emission rate in the flux chamber is time dependent as the increase in NH3 
concentration is cumulative. Therefore, emission rates gradually decrease and there 
is no emission any longer at equilibrium state. In order to estimate actual NH3 
emission rates in the most accurate way, a non-rectangular hyperbola was used in 
our study to obtain the initial slope of the curve between NH3 concentration and 
time. The mean NH3 emission rate from the SCM bedding of the control in our study 
was 5.2 g LU-1 day-1 (Chapter 2). This corresponded well with for instance the 
established NH3 emission rate of 5.0 g LU-1 day-1 by Powell et al. (2008b) from a 
tying stall barn that was also obtained in the winter period (January to February). 
Therefore, it may tentatively be concluded that the NH3 emission rate from sloping-
floor and tying stall systems are of the same order and thus both lower than 
occurring in common cubicle housing systems (Groot Koerkamp et al., 1998). 
Boxberger et al. (1998) observed a higher mean NH3 emission rate of 8.8 g LU-1 
day-1 from a sloping-floor barn for beef cattle. However, this was an average value 
for a complete calendar year. It is well-known that NH3 emission rates are highly 
dependent on the prevailing temperature due to its effect on urease activity. They are 
low between 5 and 10ºC but increase rapidly above 10ºC (Braam et al., 1997a). The 
urease enzyme converts urea to NH4+ which is quickly transformed to NH3 (gas) 
(Powell et al., 2008b). According to Trasar-Cepeda et al. (2007) the temperature 
coefficient (Q10) for urease is about 1.5 in the temperature range between 10 and 
50ºC.  
The above measurement protocol has been previously used in broiler (e.g. 
Brewer and Costello 1999), swine (e.g. Arogo et al., 2003) and dairy houses (e.g. 
Teye and Hautala, 2010), and manure storage (e.g. Predotova et al. 2010) to 
determine NH3 emission rates. Predotova et al. (2010) found during validation 
sessions for the above measuring set-up average errors for NH3 and N2O of -13, and 
-12% respectively, resulting in possible slight underestimations of the gaseous N 
losses. Besides, some underestimation of the absolute NH3 emission during our 
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study might have occurred due to the nearly absence of air movement inside the flux 
chamber. 
 
6.4 Suggestions for future research 
The main recommendations as a follow up of this thesis work are: 
 To develop improved protocols for (i) continuous measurements of CO2, 
CH4, NH3 and N2O emission rates, and (ii) measurements of N2 losses from 
animal housing and manure storage facilities in order to get a better 
quantitative assessment of C and N loss routes along manure management 
chains. 
 To test the effectiveness of farm soils varying in their clay and OM 
contents as well as pH level in reducing C and N losses throughout the 
whole SCM management chain. 
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Background and problem statement  
Globally, livestock production is increasing rapidly due to the growing demand for 
animal-based products and as a consequence the production of livestock manure 
(urine and faeces) increases. Cattle are the main source of manure in the world due 
to their large number and relatively high daily excretion rates. Systems for cattle 
manure management are diverse in various regions of the world. For instance, in 
developing countries, cattle manure is mainly handled as a solid mixture of faeces, 
urine, bedding materials and spoiled feed. In North America and Western Europe, 
most of the cattle manure is currently being handled as slurry, which is a mixture of 
urine, faeces and spoiled water collected from cubicle barns. However, also in these 
continents the proportion of solid cattle manure (SCM) is increasing due to growing 
interest of farmers to switch back to straw-based housing systems after concerns 
about animal health and welfare in common cubicle barns. Significant losses of 
nitrogen (N) can occur throughout the SCM management chain, i.e. animal housing 
– manure storage – manure application. These N losses can pollute the air, 
groundwater and surface waters. Moreover, these losses reduce the N fertilizer value 
of the manure. Thus, the challenge is to search for improvements in SCM 
management to reduce these losses and to improve on-farm N cycling (Chapter 1). 
 
Objectives of the thesis  
The overall aim of this project was to quantify the magnitude of N loss routes for 
current SCM management systems during the animal housing, manure storage and 
manure application phases, and to identify and test strategies to mitigate these losses 
throughout the whole SCM management chain. The specific objectives of this work 
were to: 
 Evaluate and compare the effects of the bedding additives zeolite, sandy 
farm topsoil, and lava meal (as compared to bedding with no treatment) on 
ammonia (NH3), nitrous oxide (N2O), carbon dioxide (CO2) and methane 
(CH4) emission rates from a naturally ventilated straw-based sloping-floor 
barn (Chapter 2).  
 Assess the mitigating effects of the above-mentioned additives on gaseous 
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N losses during the storage and application phases, and determine crop 
apparent N recovery (ANR) of the manure-N by a maize crop and a grassland 
sward (Chapter 3). 
 Investigate effects of storage conditions on (i) magnitude and routes of 
carbon (C) and N losses during storage of SCM, and (ii) maize N recovery 
as well as DM yield at its various growth stages (Chapter 4).  
 Explore the long-term effects (> 25 years) of adopting loss mitigation 
practices such as use of manure bedding additives, various manure storage 
methods and irrigation after application of covered manure, on the time 
course of soil organic C and N contents, soil N mineralization, farm 
productivity and economics (Chapter 5). 
To pursue these objectives, indoor and outdoor experiments were conducted on the 
facilities of Unifarm, Wageningen University, the Netherlands (Chapters 2 to 4). 
Besides, a simulation study was carried out by using the eco-mathematical Farm 
DANCES model (Chapter 5).  
 
Major findings of the thesis 
The major findings of this study are:  
 Application of bedding additives like zeolite, farm topsoil and lava meal 
inside the barn reduced NH3 emission rates by on average 85, 87 and 69% 
as compared to the control during animal housing, manure storage and after 
manure application to grassland, respectively (Chapters 2 and 3). Besides, 
herbage ANR (total of 3 cuts) was increased by more than twofold (up to a 
mean ANR value of 28%) through the use of additives. Maize ANR (at 
start of grain filling) was increased with a factor 3 to 4 (up to a mean ANR 
value of 44%) due to their use (Chapter 3). 
 The storage treatments of traditional stockpiling and composting of SCM in 
the open air resulted in losses of 21 and 33% of the initial total manure-N, 
respectively. In contrast, tight covering of the SCM heap with impermeable 
plastic sheet (anaerobic storage) and stockpiling of SCM under a roof 
reduced these losses down to 6 and 12% of the initial total N content, 
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respectively (Chapter 4). Of the total N lost during animal housing (Chapter 
2) and manure storage (Chapters 3 and 4), up to 16 and 32% could be 
traced back as NH3-N, N2O-N and N leaching (if occurred), respectively. 
The remainder of the N loss was assumed to be in all probability harmless 
dinitrogen (N2). 
 After incorporation in arable land, anaerobically stored SCM increased 
maize ANR as compared to other storage treatments, i.e. stockpiled, roofed 
and composted (39 vs. on average 27% of the applied N at start of grain 
filling) (Chapter 4). Maize ANR appeared to be highest at the start of the 
grain filling (on average 35% and 39% for the bedding additives and 
anaerobic storage treatment, respectively), but much lower values were 
obtained at physiological maturity (on average 13% and 21%, respectively). 
This decrease was a consequence of plant N losses due to leaf senescence 
during the grain filling phase (Chapters 3 and 4).  
 The simulation study of long term C and N dynamics in grassland-based 
dairy farming systems in Chapter 5 revealed that initially the slurry-based 
management chain resulted in a larger amount of soil available inorganic N 
for herbage uptake than the SCM-based chain. However, in a long run, the 
SCM-based chain increased soil organic C and organic N contents as 
compared to the slurry-based chain due to higher inputs of organic matter. 
As a consequence, after 75 years of simulated management, the inorganic N 
availability for herbage uptake was larger for the SCM system than for the 
slurry system, due to increased mineralization of the large organic N pool. 
This resulted in increased grassland production and a higher feed self-
supply at the farm level. 
 The simulation study also demonstrated that individually applied mitigation 
practices for nutrient losses often result in compensatory loss pathways. For 
instance, methods that reduced ammonia (NH3) emissions from animal 
excreta in the barn, i.e. application of bedding additives or during storage, 
i.e. tight covering the manure heap with impermeable plastic sheet 
(anaerobic storage) resulted in larger losses after surface application of 
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manure to the field, through either volatilization of NH3 or soil losses, i.e. 
the aggregated flows of runoff, leaching and denitrification (Chapter 5). 
The integrated strategy of combined grassland management practices of 
delayed mowing and fertilization with SCM that is treated with zeolite 
inside the barn, stored under an impermeable sheet (anaerobic storage) and 
irrigated immediately after application resulted in build-up of soil organic 
C and organic N pools, improved nutrient availability for plants and low 
emission rates. 
It is concluded that bedding additives like zeolite, farm topsoil and lava meal have 
great potential for use in livestock-based farming systems to improve the agro-
environmental value of SCM throughout the manure management chain. Overall, in 
a long run, an integrated strategy of combined grassland management practices of 
delayed mowing and fertilization with SCM that is treated with zeolite / farm topsoil 
inside the barn, stored under an impermeable sheet (anaerobic storage) and irrigated 
immediately after application seems the most promising practical option to increase 
soil C stocks (8%), increase feed self-sufficiency (15%) and reduce total N losses, 
i.e. NH3 volatilization and soil N losses (42%) in the equilibrium situation as 
compared to the traditional SCM management system. 
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Achtergrond en probleemstelling 
Wereldwijd neemt de productie van dierlijke mest (urine en feces) snel toe door de 
groeiende vraag naar dierlijke producten. De grootste bijdrage hieraan wordt 
geleverd door runderen vanwege hun grote aantal en de relatief grote dagelijkse 
uitscheiding. In ontwikkelingslanden bestaat de geproduceerde rundermest voor het 
overgrote deel uit een vast mengsel van feces, urine, strooisel en voerresten. In 
Noord-Amerika en West-Europa is het merendeel van de rundveemest een mengsel 
van urine, feces en spoelwater (drijfmest). Hier worden de koeien vooral in 
ligboxenstallen gehouden. In sommige westerse landen zoals Nederland zien we de 
laatste jaren echter een hernieuwde belangstelling voor stalsystemen met strobedden. 
Dit heeft te maken met diergezondheids- en dierenwelzijnsaspecten waarvoor de 
omstandigheden in strooiselstallen doorgaans beter zijn dan in ligboxenstallen. 
Echter, uit eerder onderzoek is gebleken dat vanuit de gehele vaste mestketen (stal – 
mestopslag – veldtoediening) aanzienlijke verliezen aan stikstof (N) optreden, die 
gemiddeld groter zijn dan van veehouderijsystemen gebaseerd op drijfmest. Deze N-
verliezen leiden niet alleen tot vervuiling van de lucht, het grondwater en het 
oppervlaktewater, maar ze verminderen ook de bemestende waarde van de vaste 
rundermest. Een belangrijke uitdaging is daarom naar verbeteringen in het 
management van de mestketen te zoeken zodat de N-verliezen zoveel mogelijk 
beperkt worden en de stikstofkringloop op het bedrijf zo goed mogelijk gesloten 
wordt (Hoofdstuk 1). 
 
Doelstellingen  
Het algemene doel van het onderzoek beschreven in dit proefschrift was het 
kwantificeren van de N-verliezen in veehouderijsystemen met vaste rundermest 
(VRM) en het ontwikkelen van strategieën om deze verliezen te beperken. De 
specifieke doelstellingen waren: 
 Vergelijking van de effecten van drie stromest additieven (zeoliet, lavameel 
en zandgrond van het bedrijf) op de emissie van ammoniak (NH3), lachgas 
(N2O), koolstofdioxide (CO2) en methaan (CH4) in een natuurlijk 
geventileerde hellingstal (Hoofdstuk 2). 
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 Bepaling van de effecten van de toegediende additieven op gasvormige N-
verliezen en de NH3-emissie en gewas N-benutting na toediening van VRM 
op grasland en in maïsland (Hoofdstuk 3). 
 Vaststellen van effecten van verschillende mestopslagmethoden op de 
koolstof (C) en N-verliezen, en de droge-stofopbrengst en gewas N-
benutting na toediening van VRM aan snijmaïs in afhankelijkheid van het 
oogststadium (Hoofdstuk 4). 
 Modelverkenning van de lange termijn effecten (> 25 jaar) binnen een 
melkveebedrijf op zandgrond van het gebruik van stromest additieven, 
verschillende mestopslagmethoden en irrigatie na toediening van VRM op 
het verloop in de tijd van bodem organische C en N, bodem N-
mineralisatie, bedrijfsproductiviteit en bedrijfseconomie (Hoofdstuk 5). 
Om deze doelstellingen te verwezenlijken werden stal- en veldexperimenten 
uitgevoerd op de proeffaciliteiten van Unifarm, Wageningen Universiteit, Nederland 
(Hoofdstukken 2 tot 4). Hiernaast werd een computer-simulatiestudie uitgevoerd 
met het eco-mathematische Farm DANCES model (Hoofdstuk 5).  
 
Belangrijkste bevindingen  
De belangrijkste resultaten van deze studie zijn: 
 Met de drie gebruikte mestadditieven werd de NH3-emissie gemiddeld met 
85% gereduceerd tijdens de stalperiode, met 87% gedurende de mestopslag 
en met 69% na toediening aan grasland (Hoofdstukken 2 en 3). Daarnaast 
nam de N-benutting door het grasland (totaal 3 snedes) met meer dan een 
factor twee toe (tot aan 28%)  en bij maïs was dit zelfs een factor drie tot 
vier tot aan een niveau van 44% aan het begin van de korrelvullingsfase 
(Hoofdstuk 3). 
 Traditionele opslag van VRM op een hoop en compostering van de VRM, 
beiden in de open lucht, leidden tot verliezen van respectievelijk 21 en 33% 
van de initiële mest-N. Afdekking van de mesthoop met ondoorlaatbaar 
plastic (anaërobe opslag) en opslag van VRM onder een overkapping 
verminderden deze totale N-verliezen tot aan respectievelijk 6 en 12% 
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(Hoofdstuk 4). Van de totale hoeveelheid N welke verloren is gegaan 
tijdens de stalperiode (Hoofdstuk 2) en de mestopslagfase (Hoofdstukken 3 
en 4), kon respectievelijk niet meer dan 16%  en 32% worden getraceerd 
als gemeten NH3-N, N2O-N emissies en N-uitspoeling. Verondersteld werd 
dat de rest van het N-verlies in de vorm van het onschadelijke distikstofgas 
(N2) heeft plaatsgevonden. 
 In de proef met maïs bleek de anaëroob opgeslagen VRM tot een behoorlijk 
hogere N-benutting door het maïsgewas te leiden bij aanvang van de 
korrelvullingsfase dan met de drie andere bewaarmethodes (39% t.o.v. 
gemiddeld 27%; Hoofdstuk 4). Het gebruik van mestadditieven in de stal 
resulteerde ook in een goede N-benutting in dit gewasstadium (gemiddeld 
35%). Echter, veel lagere waarden voor gewas N-benutting werden 
verkregen bij fysiologische rijpheid van de maïs: gemiddeld 13% met de 
additieven en 21% bij anaërobe opslag. Deze daling was het gevolg van 
gewas N-verliezen samenhangend met bladafsterving tijdens de 
korrelvullingsfase (Hoofdstukken 3 en 4). Deze afstervingsverliezen bleken 
in de controle (geen additieven, traditionele opslag) veel geringer te zijn 
vanwege een minder dicht gewas bij aanvang van de korrelvulling. 
 De simulatiestudie in Hoofdstuk 5 van de C en N dynamiek in grasland op 
de lange termijn bracht aan het licht dat in de eerste tientallen jaren het op 
drijfmest gebaseerde melkveehouderijsysteem de grootste hoeveelheid 
beschikbare minerale-N in het grasland had. Binnen het 
melkveehouderijsysteem met VRM namen de hoeveelheden  bodem-C en 
bodem-N echter geleidelijk aan toe. Dit had als gevolg dat na 75 jaar door 
een behoorlijk toegenomen bodem N-mineralisatie de berekende 
beschikbaarheid aan minerale N voor grasopname hier groter was 
geworden dan in het systeem met alleen drijfmest. Vanaf dat moment was 
de graslandproductie en het zelfvoorzieningsniveau van rundveevoer hoger 
op het VRM-bedrijf.  
De simulatiestudie toonde ook aan dat het inzetten op aanpassingen binnen slechts 
één component van het bedrijfssysteem om N-verliezen te beperken vaak kunnen 
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leiden tot toenemende N-verliezen elders binnen het bedrijf. Bijvoorbeeld, wanneer 
anaëroob opgeslagen VRM niet op het juiste moment op het grasland wordt 
uitgereden zullen door ammoniakvervluchtiging, nitraatuitspoeling, 
stikstofafspoeling en denitrificatie de N-verliezen vanuit het grasland fors toenemen. 
De beste resultaten werden verkregen met een geïntegreerde bedrijfsstrategie: 
gebruik van zeoliet als mestadditief in de strooiselstal, anaërobe mestopslag onder 
luchtdicht plastic, uitrijden van de VRM op grasland tijdens regenval of gevolgd 
door beregening en maaien van het gras voor kuilvoerwinning in een later 
groeistadium dan nu gebruikelijk is. Deze strategie leidde in de evenwichtssituatie in 
vergelijking met een traditioneel VRM-management tot (i) een snellere opbouw van 
bodem-N en bodem-C (+8%), (ii) veel lagere bodem N-verliezen (-42%) en (iii) een 
verhoging van de zelfvoorzieningsgraad van rundveevoer (+15%).  
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